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Preface 


The  new  generation  of  combat  aircraft,  currently  at  demonstrator  or  development  stage,  incorporate  significant  advances  in 
manoeuvre  capability,  especially  in  such  areas  as  post-stall  control  and  sustained  supersonic  manoeuvre.  These  technologies 
expand  the  operational  capabilities,  and  arc  essential  for  survival  in  a  sophisticated  threat  scenario,  and  also  to  obtain  favourable 
exchange  ratios  against  an  opponent  using  the  current  generation  of  fighters.  The  aim  of  this  Symposium  was  to  review  the 
various  technologies,  which  combine  to  give  this  increased  operational  capability,  ant.  the  techniques  which  are  available  or 
being  developed,  to  overcome  the  design  problems  associated  with  the  attainment  of  these  goals. 

The  Symposium  was  divided  into  six  sessions  covering  propulsion  and  integrated  flight  control,  aerodynamics  and  control  at 
high  angles  of  attack,  post-stall  flight  and  control,  flying  qualities-applied  criteria,  agility  and  simulation.  Examples  of  results 
from  current  demonstrator  programmes  were  covered  in  appropriate  sessions. 

Two  keynote  papers  presented  an  overview  from  an  operational  and  acquisition  viewpoint  of  the  contnbution  of  manoeuvrability 
to  combat  success. 

For  the  first  time  in  a  Flight  Mechanics  Panel  Symposium,  the  programme  included  a  paper  by  a  Russian  author. 

A  Technical  Evaluation  Report  on  the  Symposi-m  is  also  included  in  this  Conference  Proceedings  document. 


Preface 


La  nouvelle  generation  d'avions  de  combat,  qui  est  actuellemcnt  au  stadc  des  essais  de  iKscloppcmcnt.  soire  avion  dc 
demonstration,  intigre  des  progres  importants  en  cc  qui  conccme  la  manocuvrabiliie.  en  particulicr  dans  des  domames  conimc  Ic 
contrdle  en  post-decrochage  et  la  manoeuvre  supersonique  continue.  II  s'agit  de  technologies  qui  pcrmcltenl  d’augmenter  Ic-s 
capacites  operational les  ct  qui  sont  indispensables  i  la  survie  dans  un  scenario  sophistique  dc  menace.  Ellcs  pcrmctlen!  aussi 
d'obtenir  des  rapports  de  potentiels  favorables  contrc  un  adversaire  qui  dispose  d'avions  dc  combat  dc  la  generation  rctucllc. 

Le  symposium  a  eu  pour  objet  de  faire  le  point  des  differcnlcs  technologies  qui.  combinecs.  concourcnt  a  I'obtcnlion  dc  ccl 
accroissement  des  capacites  operationncllcs.  ainsi  que  des  techniques,  disponsibles  ou  cn  devcloppcmcnl.  qut  pcmiettcnt  dc 
resoudre  les  problimes  de  conception  associes  i  la  realisation  de  ccs  objcclifs. 

Le  symposium  a  ete  structure  cn  six  sessions,  couvrant  la  commandc  de  vo!  integrec.  I'aerodynamiquc  cl  Ic  conlrolc  aux  grands 
angles  d'attaque.  le  vol  en  post-cKcrochagc  el  le  contrdle.  les  critercs  appliques  aux  quahics  dc  vol.  la  mama'oilite  ct  la 
simulation.  Des  cxcmples  des  resultats  obtenus  des  programmes  de  demonstration  cn  cours  ont  ete  donnes  lors  des  sessions 
appropridcs. 

Un  aperfu  de  la  contribution  dc  la  manoeuvrabilite  dans  I'cfflcacite  des  combats,  tant  du  point  dc  vuc  opfraiionncl  que  dc 
I'acquisition  d'objectifs.  a  ete  donnd  par  deux  communications  d'ouvcrturc  de  seance. 

Pour  la  premiere  fois  lors  d'un  symposium  du  Panel  dc  la  Mecaniquc  dc  Vol,  le  programme  comprcnait  unc  communication 
presentee  par  un  auteur  russe. 

Le  comptc-rendu  conference  comprend  un  rapport  devaluation  technique. 
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wnuce  of  collaborative  programs  Referring  to 
reductions  in  defense  expenditures,  Re  spoke  of  the 
nccMilty  to  maintain  Intact  design  teami,  perhaps 
through  development  of  a  aerie*  of  proiotype*. 

General  Muellner  spoke  of  the  proper  balance  of  varioua 
aircraft  attribute*  Including  weapon#  capability  and 
radar  signature,  While  not  strongly  ondoraing 
exceptional  manoeuvrability  aa  a  primary  design 
requirement.  General  Muellner  and  General  Brevot  both 
conaidered  manoeuvrability  and  agility  valuable  deaign 
option*  Genera]  Muellner  did  supiwrt  the  noed  to 
restore  manoeuvrabilty  lost  In  the  initial  aearch  for 
•tealth  Me  also  referred  to  the  Itigh  cost  of  aircraft  lost 
to  problems  at  high  angle*  of  attack  Like  General 
Brevot,  General  Muellner  highlighted  the  noed  to 
balance  weapons  capability  and  varioua  aircraft 
capabilities  to  maximize  syotem  payoff 

SESSION  It  PROPULSION  AND  INTEGRATED 
PLIGHT  CXJNTROL 

The  first  three  pepers  in  the  session  concentrated  on 
integration  of  the  engine  in  the  classical  sense  of 
matching  engine  an  flow  and  sirfianvi  propulsive 
requirement*  The  beet  way  to  consider  these  three 
paper*  is  in  reverse  order.  The  third  paper,  "Engine 
Characteristic*  for  Agile  Aircraft,"  started  with  aircraft 
requirements  It  demonstrated  the  decomposition  of 
those  requirement*  into  propulsion  system  requirement* 
and  identified  specific  engine  technologies  to  address 
the  requirements  Specific  requirement*  were  shown  to 
have  primary  connections  with  specific  technologies 
This  link  from  propulsion  technology  to  aircraft 
requirements  will  allow  technology  managers  to  make 
decision*  based  on  operational  need*  as  well  as  on 
technical  opportunities 

In  this  author's  experience,  the  link  from  operational 
requirements  to  propulsion  system  technology  is  not 
always  ditty  understood  by  either  technology  planners 
or  try  propulsion  technologist*  Ixwig  lead  tunes  for 
propulsion  system  development  compound  the  problem 
because  propulsion  systems  often  enter  development 
before  definition  of  aircraft  requirements  Propulsion 
•yasern  technologist*  will  be  bettor  able  to  forecast 
requirements  using  the  approach  outlined  in  this  paper. 

The  second  peper  of  the  session  "Progress  and  Purpose 
of  the  IMPTET  Program,"  desenbed  a  large-scale  US 
industry  and  government  program  to  advance  turbine 
engine  technology  The  paper  describe*  e  process 
starting  with  top-level  engine  performance  requirements 
and  proceeding  to  identification  of  component 
technoiogtet  and  development  of  strategies  for 
advancing  those  technologies  Technologies  provide 
not  only  capabilities  but  also  alternative*  Individual 
technologies  can,  simultaneousiy,  be  both  synergistic 
and  competitive,  depending  on  the  specific  requirement. 


IMPTirr  addresses  s  set  of  requirements  with  a  set  of 
program*  run  liy  individual,  Irvicpcndent  player*. 
Common  inlctesl  seems,  for  the  moment,  to  have 
overcome  the  competitive  instinct  Government 
participation  with  substantial  finding  available  may 
have  been  the  key  to  this  cooperation,  As  government 
research  ftinding  declines  in  the  US,  it  will  be  a 
challenge  to  the  multiple  manugert  to  maintain  the 
progress  and  cooperation  of  the  IMPTET  initiative, 

The  first  paper  "Aerodynamic  and  Propulsion  Ground 
Test  and  Evaluation  Teohniquea  for  Highly 
Manoeuvrable  Aircraft  •  Capabilities  and  Challenges," 
describes  innovative  methods  to  ground  test  engines 
designed  to  meet  manoeuvrability-related  requirements, 
The  capabilities  described  include  test  of 
thrust-vectoring  systems  and  testing  under  closely 
controlled  and  accurately  emulated  inlet  distortion.  This 
assures  system-level  requirements  are  met  on  the 
propulsion  subsystem  level.  'Mils  paper  also  Illustrates 
using  highly  controlled  tests  under 
other-than-operatlonal  conditions  to  validate  analysis 
(for  propulsion  systems  this  means  ground  testing  rather 
than  flight  testing).  Analysis  validates  s  model  available 
for  system  evaluation  and  operation.  Perhaps  (he  most 
remarkable  aspect  of  the  test  capability  documented  In 
this  paper  is  that  It  was  in  place  in  lime  to  test  the  first 
prototype  systems  that  needed  it,  Anticipating  now 
requirements  and  making  the  resources  available  to 
address  those  requirements  in  time  is  a  rare 
achievement. 

The  fourth  through  sixth  papers  of  the  first  session 
concentrated  on  the  potential  benefits  of  integration  of 
oonbrol  systems  of  the  aircraft  and  the  engine.  The 
fourth  paper,  "Design  of  Integrated  Flight  and  Power 
Plant  Control  Systems,"  provide*  an  excellent  tutorial 
on  the  progression  from  independent  control  system* 
for  aircraft  and  engine  to  e  frilly  integrated  system.  This 
paper  focuses  on  benefits  of  flight  and  propulsion 
control  integration  for  VSTOL,  Perhaps  most  dramatic 
was  the  evolution  from  the  Harrier  system  of  three 
control  inceptors  to  using  only  a  single  inceptor  for  all 
the  seme  frmctioni,  (The  author's  perceptions  may  be 
Influenced  by  prior  experience  as  a  Harrier  pilot). 
Further  progress  along  this  path  will  address  General 
Brevot'*  vision  of  allowing  pilot*  to  concentrate  on 
itrstegy  and  tactic*. 

The  next  two  paper*  report  on  similar  implementation* 
of  thrust  vectoring  for  control,  but  again,  are  best 
considered  in  reverse  order,  Paper  six,  "Results  from 
the  STOL  and  Maneuver  Technology  Demonstrator" 
reports  on  functional  Integration  of  flight  and  propulsion 
control  It  documents  mtnoeuvrsbility,  performance 
and  flying  qualities  benefit*  of  such  integration,  It  also 
describes  using  engine  thrust  to  provide  pitching 
moment  and  braking,  Multimode  controls  .re  used  to 


optimize  aircraft  response  for  vinous  tasks  including 
sir-toair  tracking  and  accurate  Undings.  Like  Paper 
four,  it  discusses  innovative  control  inceptor  design. 
Flight  test  results  mostly  validated  design  objectives,  but 
one  unexpected  result  was  documented  -  a  pitch 
oscillation  after  touchdown  while  in  reverse  thrust 
Considered  with  Viggen  and  Tornado  experiences  in  the 
same  thrust-reversing  environment,  this  iBuminaWs  the 
difficulties  of  control  in  conditions  of  complex  Sow  end 
powerful  forces.  Although  recent  experience  in 
developing  Level  I  Hying  qualities  in  new  aircraft  has 
been  excellent  this  oscillation  serves  as  a  reminder  of 
the  potential  for  problems  resulting  Horn  complex 
mechanizations,  unexpected  dynamics,  and  multiple 
control  modes.  (Readers  should  be  aware  that  this 
author  was  program  manager  of  the  F-IS  STOL  for 
three  yean  and  executive  program  manager  for  the  last 
year  of  the  program). 

While  the  F-15  STOL  and  Maneuver  Technology 
Demonstrator  did  not  address  increased  angles  of  attack, 
manoeuvres  at  high  angles  of  attack  were  a  primary  goal 
of  the  YF-22  thrust-vectoring  implementation  discussed 
m  Paper  five,  "Thrust  Vector  Aided  Manoeuvring  of  the 
YF-22  Advanced  Tactical  Fighter  Prototype.'  This 
paper  documents  substantial  improvements  in  usable 
high-angle-of-attack  capability  while  emphasizing  the 
importance  of  superb  aerodynamics.  Thrust  vectoring 
can  nuke  high  angles  of  attack  available  and  speed 
an^e-of-attack  reduction  when  the  tactical  situation 
dictates  To  avoid  absolute  reliance  on  the  propulsion 
system,  the  YF-22  retains  a  capability  for  aerodynamic 
recovery. 

Paper  five  alto  addresses  tactical  requirements  fix  high 
manoeuvrability  and  agility.  The  author  states  that  the 
design  objective  blended  substantial  requirements  for 
manoeuvrability  and  agility  with  requirements  for  low 
observables.  The  paper  justifies  manoeuvrability  and 
egifity  to  cope  with  future  low-observable  fighters, 
highly  manoeuvrable  fighters  planned  or  already  in 
production  and  expected  reliance  on  infiared-guided 
weapons  in  the  air-to-air  battles  of  die  future.  This  pert 
of  the  presentation  is  best  understood  considering  the 
specification  to  which  the  US  Air  Force  procured  the 
YF-22  and  YF-23.  Program  officials  specified  capability 
against  a  mission  requirement,  rather  than  aircraft 
perfonnance  numbers.  A  later  paper  describes  Working 
Group  19  conclusions  on  specification  of  operational 
agility-  In  the  broadest  sense,  the  YF-22  program  office 
used  the  approach  the  Working  Group  would 
recommend  -  the  aircraft  was  designed  to  respond  with 
sgility  to*  wide  range  of  threats,  including  a  numerically 
superior  foe. 

By  the  conclusion  of  Session  I,  the  tone  of  the 
conference  was  set.  One  aspect  of  technology  for 
highly  manoeuvrable  aircraft  had  been  thoroughly 


explored.  Participants  in  the  symposium  had  reported 
cri  rerid  progress  in  performance  and  control  capability. 
Papers  had  described  methods  of  breaking  down 
objectives  to  specification;  and  to  functional 
implementations.  Papers  also  discussed  technics  end 
programmatic  approaches  to  advancing  technology  and 
testing. 

SESSION  II;  AERODYNAMICS  AND  CONTROL 
AT  HIGH  ANGLE  OF  ATTACK 
Paper  seven,  "Numerical  Study  of  High  Incidence  Flow 
Over  the  Rafale  A,*  documents  analysis  of  Rafale 
aerodynamics  uri'g  a  three-dimensional  Euler  code  to 
determine  die  lift  coefficient  contributions  of  the 
fuselage,  wings,  and  canard.  The  presentation  focuses 
on  high  angles  of  attack.  With  controls  fixed  at 
full-nose  down,  the  wing  contribution  to  lift  decreases 
while  the  fuselage  and  canard  contributions  increased 
with  increasing  tngiet  of  attack  Similar  analyses  are 
presented  for  pitch-moment  coefficient  contributions. 
Analysis  predicts  reduced  directions!  stability  at  high 
angles  of  attack.  The  approach  combines  numerical 
techniques  with  engineering  judgment  and  models 
vortical  flow  without  extreme  sensitivity  to  calculated 
vortex  origins  and  other  difficuh-to-preffict  phenomena. 
The  results  of  these  tests  provide  quaHutive  and 
quantitative  data  for  validation  of  numerical  results  at 
well  as  valuable  and  accurate  design  data  for  Rafcle 
development. 

Paper  eight,  'Dynamic  Tests  to  Demonstrated  Lateral 
Control  Using  Forebody  Suction  On  Large  Scale 
Models  m  the  DRA  24  Foot  Wmd  Ttirmel,' 
demonstrates  that  various  means  of  foretedy  vortex 
control  can  provide  strong  yaw  moments  at  high  angles 
of  attack.  Other  documented  methods  include  blowing 
through  nozzles  or  slots  and  using  small  strikes. 
Focusing  on  a  method  not  frequently  reported,  this 
paper  constitutes  a  welcome  addition  to  the  literature. 

The  paper  describes  two  wind-tunnel  experiments  using 
active  control  of  suction  through  small  holes  near  the 
apex  of  a  model  nose.  In  the  first  experiment,  the 
model  was  free  to  ysw  and  the  only  active  control 
mechanism  was  nose  suction.  In  the  second 
experiment,  the  model  was  free  to  pitch.  roH  and  yaw 
with  aerodynamic  control  surfaces  and  nose  suction 
active.  The  experiments  demonstrated  that  nose  suction 
could  effectively  generate  lateral  forces  ind  could  be 
effectively  integrated  into  a  flight  control  system. 

One  significant  element  of  the  research  presented  is  the 
discussion  of  ltgs  m  response  to  ruction.  The  ptpa 
documents  the  existence  of  such  lags  and  tome 
perimeters  affecting  the  lag.  A  full  understanding  of 
these  effecti  at  various  flight  conditions  win  be 
necessary  to  forecast  whether  suction  devices  will  meet 


frying  qualities  requirement*  and  to  property  design 
control  systems  implementing  this  technique. 
Ultimately,  full-scale  wind-tunnd  »nd  flight  toting  must 
follow  to  validate  this  implementation  and  to  generate 
the  panunetere  necessary  for  control  system  integration. 

In  response  to  qiiMtions,  the  presenter  discussed 
various  suction  port  positions.  The  roost  effective 
position  for  the  port  was  es  close  to  the  apex  as 
possible.  Control  was  most  effective  usrg  a  long,  tine 
nose  rather  than  a  short,  blunt  nose  section. 

For  scheduling  considerations,  Papa  11,  'Control  of 
Leading-Edge  Separation  on  a  Cambered  Delta  Wing,* 
was  switched  with  Paper  9.  Paper  11  addresses  the  need 
for  a  versatile  design  responding  to  seven]  design 
requirements.  In  this  case,  the  requirements  addressed 
are  for  efficient  supersonic  flight  as  well  as 
high-angle-of-attack  manoeuvrability  at  subsonic 
speeds.  The  approach  selected  was  a  highly  swept  wmg 
for  supersonic  performance  and  a  special  mechanism 
for  control  of  leadmg-cdge  Bow  separation  at  subsonic, 
bgh-angie-oi-attack  flight  conditions  The  mechanism 
discussed  uses  dim  wires  positioned  withm  the  attached 
turbulent  boundary  layer.  It  will  be  interesting  to  track 
the  development  of  this  technology,  especially 
high  -cngle-o  f-  attack  characteristics  at  full  scale  with 
normal  production  deviations  in  dimension.  This  author 
was  reminded  of  asymmetric  deployment  of  the 
aerodynanucalty  actuated  leading-edge  flaps  on  the 
Douglas  A -4  Skyhawk  during  moderate  angle-of-attack 
manoeuvres 

Paper  10.  'Yaw  Control  by  Tangential  Forebody 
Blowing,*  is  best  considered  together  with  Paper  8. 
Rather  than  using  suction  as  a  side-force  generator  and 
control  mechanism.  Paper  ten  examines  usmg  blowing 
through  slots  further  aft.  A  critical  advantage  postulated 
for  this  approach  is  that  the  installation  is  insensitive  to 
the  location  of  the  vortex  Paper  ten  also  addresses 
modification  of  attached  flow  as  weD  as  modification  of 
vortices  as  an  important  mechanism  for  control. 

It  is  not  dear  to  this  author  whether  repeatable  vortex 
positions  exist  for  several  examples  of  a  given  design.  If 
it  is  not  possible  to  determine  vortex  positions 
genetically  for  a  given  design,  the  robustness  of  an 
implementation  to  inaccurately  determined  vortex 
location  is  important  Future  research  in  vortex 
manipulation  for  control  should  address  whether  control 
effectiveness  changes  with  tmy  variations  in  forebody 
dimensions. 

A  comparative  study  of  various  mechanizations  and  a 
comparison  of  test  results  would  be  hdpfoL 
Wind-tunnel  tests  underway  on  an  F-!8  it  the  NASA 
Ames  Research  Center  may  prov.de  such  data.  Fhght 


tests  performed  on  the  X-29  during  1591  provide 
important  information.  As  fihstn&d  by  the  X-29 
vortex  flow  experiment,  it  may  not  be  neccsxary  to 
collect  and  collate  a  complete  body  of  data  to  begin 
successful  fhght  testing.  However,  without  the  data,  foe 
possibility  remains  that  a  slightly  different  approach 
may  have  been  mote  successful  It  would  have  been 
beneficial  to  report  on  the  F-10  and  the  X-29 
investigations  during  this  symposium. 

Paper  nine.  Techniques  for  Aerodynamic 
characterization  and  Performance  Evaluation  at  High 
Angle  of  Attscfc,*  wts  presented  next  This  paper  palls 
together  wind-tunnel  testing,  sophisticated  modeling, 
and  data  reduction,  advanced  methods  for  measuring 
dynamic  response,  and  model  tests  in  foe  vertical  tunnel 
and  free  flight. 

The  sequence  proposed  in  this  paper  is  to  first  use 
experimental  testing  to  bound  a  problem  and  select 
parameters  for  evaluation.  The  next  step  is  to  perform 
analysis  at  sufficient  depth  to  obum  predictions 
Fealty,  the  predictions  should  be  validated  Largr-scale 
wmd-tumd  tests,  flight  testing.,  and  sophisticated 
numerical  analysis  may  be  appropriate  methods  cf 
validation,  dependmg  on  the  subject,  foe  budget,  and 
tiie  objective. 

In  future  research,  tiss  author  proposes  using  the 
approach  of  Paper  nine  to  address  the  broad  technical 
area  of  forebody  flow  control  The  ament  state  of 
research  concerning  highly  leveraged  control  techniques 
tt  the  forebody  of  a  fighter  aircraft  is  concentrated  in 
experimental  toting.  Several  approaches  have  been 
examined,  but  m  varying  depth  and  m  different  ranger 
of  various  parameters.  Predictions  art  being  made. 
Predictions  have  been  validated  in  several  large-scale 
wind-tunnel  tots  and  in  the  X-29  flight  tot 
Continuation  of  the  investigations  along  all  these  fronts 
is  Hkety  to  continue,  but  more  discipline  as  proposed  by 
this  paper  will  enhance  productivity  AGARD  may 
provide  the  forum  for  the  difficult  task  of  compromise 
and  cooperation  leading  to  more  productive  interagency 
investment 

SESSION  III:  POST-STALL  FLIGHT  AND 
CONTROL 

Attendees  eagerly  anticipated  Session  HI.  Paper  12, 
"Aerodynamic  Design  of  SUperminoeuvTible  Aircraft,* 
was  presented  by  Professor  A.  Petrov,  TsAGI,  Russia. 
Papers  13, 14,  and  15  discuss  the  latest  results  of  X-31A 
flight  Controversy  about  the  utility  of  pod-stall  flight 
wu  set  aside  for  the  moment  The  uniqueness  and 
audacity  of  the  two  subjects  captivated  the  audience. 

Piper  12  was  a  configuration  study  of 
supermanoeuvraWe  aircraft  It  quickly  became  apparent 
that  beyond  the  discussion  of  two  versus  three  surface 


configurations,  span-wise  blowing,  and  the  contribution 
of  a  Leading  Edge  Extension  (LEX)  lay  the  theoretical 
basis  of  die  Cobra  manoeuvr-  First,  the  audience 
needed  to  adjust  its  perspective  of  lift  and  drag. 
Professor  Petrov  spoke  of  lift  as  being  generated  by 
thrust  and  of  drag  along  the  aircraft's  z-body  axis  when 
the  aircraft  is  momentarily  at  angles  of  attack  nearing  90 
degrees.  We  know  lift  is  perpendicular  to  the  relative 
wind,  but  a  lift  vector  so  fhr  from  the  z  axis  is  just  as 
counter-intuitive  for  this  author  as  was  flying  an  airplane 
with  the  velocity  vector  far  displaced  from  the  view  out 
the  front  window. 

With  this  author  and  perhaps  others  in  the  audience 
having  overcome  intuition,  the  discussion  moved  on  to 
the  center  of  lift  and  the  center  of  pressure.  Up  to  about 
a  40-degree  angle  of  attack,  lift  increases  in  a  near-linear 
fashion.  Beyond  a  40-degree  angle  of  attack,  normal 
force  stabilizes,  but  the  center  of  pressure  for  an  aircraft 
of  appropriate  configuration  moves  aft.  If  the  center  of 
gravity  is  between  the  original  center  of  lift  and  the 
center  of  pressure  at  a  high  angle  of  attack,  a  restoring 
pitch-down  moment  results. 

This  insight  into  the  Cobra  manoeuvre  led  to  several 
questions.  Responses  indicated  that  the  Cobra  is  a 
difficult  manoeuvre  requiring  a  skilled  pilot  and  that 
uncommanded  moments  occur  during  the  manoeuvre. 
The  description  of  the  manoeuvre  as  dynamic  indicates 
that  the  pilot's  approach  is  to  pass  quickly  through 
unfavorable  regions.  Answers  to  questions  indicated 
current  efforts  were  to  increase  the  speed  at  which  the 
manoeuvre  could  be  performed  and  to  move  the 
manoeuvre  into  the  horizontal  plane.  The  current  speed 
range  was  200  to  300  kilometers  per  hour.  In  answer  to 
further  questions.  Professor  Petrov  said  that  roll  and 
yaw  control  at  high  angles  of  attack  was  important,  but 
that  it  was  not  the  subject  of  the  pieseutation.  Professoi 
Petrov  expressed  interest  in  using  reaction  controls  for 
increased  authority  at  low  speed  and  high  angle  of 
attack.  In  a  discussion  hampered  by  language 
difficulties,  he  seemed  to  indicate  the  angle- of-attack 
rate  c  iring  the  manoeuvre  was  about  25  degrees  per 
second. 

In  any  discussion  of  the  X-31A,  it  is  important  to 
acknowledge  the  contnbutions  of  the  late  Dr.  Wolfgang 
Herbst.  Dr.  Herbst  conceived,  mathematically 
described,  and  convinced  technologists  and  operators  of 
the  importance  of  high-anglc-of-attack  eor>„rl  and 
manoeuvre.  Without  Iris  contributions,  it  is  unlikety  this 
symposium  would  have  occurred  or  that  much  of  the 
research  would  have  been  pursued.  He  was  certainly 
present  in  spirit  and  would  have  contributed  much  to 
the  presentations  and  discussions. 

For  the  record,  this  author  must  disclose  involvement  in 
the  early  days  of  the  X-31A  program.  !  urged  against 


substantial  US  Air  Force  participation,  but  gave  the 
program  an  audience  with  Air  Force  leadership.  My 
reasons  were  personal  judgments  regarding  tactics  and 
resource  utilization.  I  will  try  not  to  let  these  judgments 
color  the  discussion  that  follows. 

Paper  15,  "X-31A  Tactical  Military  Utility  Results,"  was 
presented  next.  The  introduction  discusses  program 
goals,  including  minimizing  program  costs  through 
innovative  design  and  manufacturing.  A  significant 
aspect  of  the  X-31A  program  is  the  number  of 
participants.  Keeping  a  large  team  committed  for  years 
is  a  challenge  for  any  program. 

The  aircraft  and  programmatic  descriptions  in  this  paper 
are  valuable  because  few  research  (as  opposed  to 
prototype  or  technology  demonstration)  aircraft  have 
been  designed  and  flown  in  recent  years.  An  X-31A 
program  history  would  be  extremely  valuable.  X-29 
experience  in  writing  such  a  history  has  shown  that  data 
can  very  quickly  be  lost 

In  manoeuvring  at  high  angles  of  attack,  the  X-31A  uses 
stability  axis  rolls.  Discussion  of  the  pilot  acceptability 
of  this  approach  was  useful.  More  research  into 
high-angle-of-attack  roH/yaw  control  and  response 
would  represent  a  welcome  addition  to  the  flying 
qualities  body  of  knowledge. 

Several  were  made  to  the  aircraft  to  solve 

problems  and  improve  test  results.  The  program  was 
structured  to  allow  such  :hanges  quickly  and  without 
unnecessary  approve  Robustness  of  the  original 
design,  including  strong  aerodynamic  control  power, 
improved  the  opportunity  to  make  such  changes. 

One  item  of  interest  was  the  difference  between  the  two 
aircraft,  tarty  in  the  (tight  program,  pilots  found  one 
aircraft  more  susceptible  to  side-force  "lurches"  than  the 
other.  Program  engineers  were  unable  to  find  a  cause 
for  the  difference.  lr.  the  discussion  tliat  followed,  one 
attendee  mentioned  the  example  of  a  large-scale 
wind-tunnel  test  on  a  forebody  carefully  polished  to 
eliminste  side  force.  In  that  test,  thumbprints  were 
sufficient  to  cause  side  forces  one  way  or  the  other. 
Strips  of  "grtf  were  used  to  reduce  the  difference 
between  the  two  X-31A  aircraft.  For  future  production 
lira  aft,  similar  solutions  or  closed-loop  control  may  be 
required  to  reduce  differences  among  aircraft.  Flight 
tester*  and  designers  must  develop  techniques  to  assure 
that  the  absence  of  undesired  response  in 
high-angle-of-attack  flight  tests  of  one  aircraft  means  an 
absence  of  undesired  response  throughout  the  fleet 

The  X-31A  relied  heavily  on  simulation,  validated  by 
flight  test,  to  audress  tactical  utility.  This  was  necessary 
because  the  experimental  aircraft  were  not  equipped 


T-6 

wi  avionics  or  weapons  systems.  The  value  of 
pos.  stall  manoeuvring  as  an  air-to-air  tactic  remained  a 
matter  of  controversy.  Resolution  may  require  the  latest 
generation  of  combat  aircraft  to  be  tested  in  battle,  using 
post-stall  manoeuvres.  On  the  other  hand,  using 
aerodynamic  and  thrust-vectoring-  control  power  to 
protect  against  departure  from  controlled  flight  will 
eliminate  envelope  and  asymmetric  store  restrictions. 

The  next  paper,  "X-31A  Control  Law  Design,”  discusses 
control  system  design,  including  issues  associated  with 
thrust  vectoring.  Multiple  control  modes  are  used  to 
control  various  phases  of  flight.  In  the  portions  of  the 
flight  envelope  where  high  angle  of  attack  is  available, 
longitudinal  input  commands  angle  of  attack.  At  higher 
speeds,  longitudinal  input  commands  g.  Unless  the 
aircraft  is  in  the  angle-of-attack  command  mode  and 
other  parameters  are  met,  the  post-stall  mode  is 
inhibited. 

The  control  law  that  blends  out  the  rudder  as  angle  of 
attack  increases  is  of  interest  As  rudder  effectiveness 
diminishes,  thrust  vectoring  takes  over  directional 
control.  This  is  one  (and  perhaps  the  most  simple) 
example  using  multiple  control  etiu-tors  in  a  given  axis 
and  presages  a  possible  next  step  of  the  X-31A 
program,  elimination  of  the  vertical  tail. 

In  operation,  the  prlot  must  elect  to  use  post-stall  flight. 
He  must  overcome  a  stick  detent  and  satisfy  several 
other  conditions.  Thrust  vectoring  operates  whether  or 
not  post-stall  manoeuvring  is  engaged.  The  presenter 
indicated  that  side  slip  is  limited  to  prevent  departure  os 
angles  of  attack  increase. 

Given  the  radical  expansion  of  die  flight  envelope 
pioneered  by  the  X-31A,  the  achievement  of  Level  1 
flying  qualities  on  the  fust  try  is  remarkable.  The  F-15 
STOL  and  Maneuver  Demonstrator  and  the  F-22  had 
the  same  success,  indicating  that  current  flying  qualities 
specifications  and  simulations  work  well.  All  three 
aircraft  have  experienced  unanticipated  responses, 
indicating  that  general  good  flying  qualities  are  not  in 
themselves  proof  of  a  fuDy  worked- out  control 
implementation. 

Paper  14,  "X-31A  System  Identification  Applied  to 
Post-Stall  Flight  -  Aerodynamics  and  Thrust  Vectoring," 
presents  progress  in  parameter  identification.  Parameter 
identification  has  become  more  difficult  as  redundant 
control  effectors  have  proliferated.  In  the  post-stall 
flight  regime,  dynamic  and  non-linear  effects  ct'ise 
more  difficulty. 

A  primary  objective  of  the  work  presented  in  jis  paper 
was  identification  of  thrust-vectoring  effectiveness. 
Possible  causes  of  inaccurate  predicJon  include  erten  in 


thrust  modeling,  aerodynamic  effects  that  modify 
thrust-vector  angles,  entrainment  of  air  flow  causing 
tinprediefed  aerodynamic  forces  on  the  aft  body,  and 
structural  deflections  from  thrust  and  aerodynamic 
forces. 

The  paper  discusses  difficulties  introduced  by 
instabilities  of  the  basic  X-31 A  airframe  and  by  process 
noise  introduced  by  stochastically  shed  vortices.  The 
paper  also  notes  that  data  analyzed  so  far  were 
developed  from  small,  slow  manoeuvres  about  the  trim 
point.  The  effects  of  aerodynamic  and  propulsive 
nonlinearities  were  largely  avoided.  Plans  for  future 
extraction  of  unsteady  effects  were  presented. 

The  paper  expresses  a  desire  for  single-effector 
excitation  to  allow  separation  of  effects  such  as 
longitudinal  vectoring,  canard  deflection,  8nd  stabDator 
deflection.  Difficulties  in  parameter  identification 
without  such  provisions  suggest  program  officials 
should  decide  early  whether  these  techniques  will  be 
used.  Often  program  authorities  are  motivated  to  bet  on 
success  -  to  assume  that  these  techniques  wifi  not  be 
required.  A  definitive  evaluation  of  the  utihty  of 
parameter  identification  for  modem  aircraft  with 
expended  flight  envelopes  would  be  a  valuable  outcome 
for  the  X-31A  program. 

SESSION  IV:  FLYING  QUALITIES  -  APPLIED 
CRITERIA 

At  the  time  of  the  symposium,  the  5FA  was  nearing 
first  flight.  The  first  papa  of  the  session.  Papa  16, 
"EFA  Flying  Qualities  Specification  and  Its  Utilization," 
presented  simulation  and  analytical  approaches  for  EFA 
control-system  performance  specification  and 
verification  before  first  flight  Although  the  papa  was 
primarily  based  on  results  from  the  DASA  simulator  at 
LABG,  simulation  was  also  conducted  at  other 
simulators  in  Germany  and  the  UK.  It  remains  to  be 
seen  whether  these  complimentary  efforts  speed 
development  and  improve  results.  In  today’s 
environment  where  multiple  participants  are  the  rule 
rather  than  the  exception,  a  good  strategy  for  division  of 
responsibilities  is  critical. 

The  usual  approach  of  pilot  familiarization,  classical 
flying  qualities  manoeuvres,  end  fracking  manoeuvres 
was  supplemented  by  targets  programmed  to  "jump," 
driving  pilot  gain  levels  up  to  uncova  flying  qualities 
problems,  particularly  pilot-induced  oscillations.  Pilots 
had  the  opportunity  to  provide  extensive  comments  as 
well  as  numerical  ratings. 

Beside*  piloted  simulation,  analytical  evaluations  helped 
scan  the  flight  envelope  for  regions  in  which  time  and 
frequency-domain  criteria  for  successful  flying  qualities 
were  violated.  In  this  procevi,  phase  relationships  were 
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found  to  be  highly  influenced  by  the  fidelity  of  the 
mathematical  models  selected.  Numerous  model*  were 
used  and  correlation  with  piloted  simulation  was  part  of 
the  evaluation  process.  We  all  look  forward  to 
correlation  of  flying  qualities  projections  with  flight-test 
results. 

Paper  17,  "Application  of  Current  Departure  Resistance 
Criteria  to  the  Post-Stall  Manoeuvring  Envelope,"  is 
based  on  X-31A  derived  data  and  recognizes  the  need 
for  new  criteria  for  expanded  flight  envelopes.  The 
paper  recognizes  the  aerodynamic  and  the 
control-system  capabilities  and  complexities  in  new 
fighter  aircraft.  An  important  conclusion  is  that  while  it 
is  necessary  to  determine  the  stability  of  the  aircraft  as  a 
nonlinear  system,  ’his  is  usually  done  by  making  the 
necessary  assumptions  to  develop  a  linear  model. 
Stability  predictions  are,  therefore,  related  to  selected 
points  m  the  flight  envelope  and  care  must  be  taken  not 
to  make  unwarranted  extrapolations. 

The  papa  documents  several  approaches  to  stability 
determination  and  highlights  the  need  to  expand 
existing  criteria.  It  refers  to  the  fact  that  the  X-31A 
becomes  departure  susceptible  if  coupling  is  considered 
and  as  little  as  5  degrees  of  sideslip  is  allowed. 
Advancement  in  nonlinear  and  unsteady  aerodynamics 
and  controls  is  clearly  called  for  to  address  these 
limitations.  Fundamental  concepts,  new  formulations, 
and  ambitious  application  of  engineering  design  as 
addressed  in  this  paper  must  become  the  standard. 

The  expansion  in  the  flight  envelope  exceeds  the  data 
base  used  in  contemporary  standards  such  as 
MIL-STD-1797A.  Recognizing  that  flight  envelopes  are 
expanding  rapidly.  Paper  18,  "Flying  Qualities 
Evaluation  Manoeuvre*,’  addresses  one  aspect  of 
keeping  flying  qualities  specifications  up  to  date.  A 
fundamental  difference  between  the  manoeuvres 
examined  in  this  paper  and  those  used  previously  is  the 
necessity  to  unite  flying  qualities  and  closed-loop 
system  performance,  a  thane  that  would  occur  again  in 
the  following  papa. 

In  viewing  video  animations  of  some  evaluated 
manoeuvres  and  recalling  some  X-31A  flight  test 
information,  it  was  apparent  that  a  manoeuvre  looking 
precisely  like  a  spin  is  within  the  capability  of  the  new 
generation  of  highly  manoeuvrable  aircraft.  Other 
unconventional  manoeuvres  remain  to  be  developed 
and  discovered.  These  manoeuvres  should  not  be 
discovered  during  operational  use.  Allowing  this  new 
generation  of  fighters  into  the  field  without  thoroughly 
developing  the  new  manoeuvres  could  recall  the  bad  old 
days  of  pitch-ups  and  roll-coupled  departures. 

The  papa  goes  on  to  describe  selection  of  manoeuvres, 
their  tactical  relevance,  and  hopes  for  expanding  the 


data  base  for  these  manoeuvres  by  flying  them  in  the 
multi-axis  vectoring  F-16,  the  X-31A,  F-22,  and  the  F-18 
HARV.  All  the  manoeuvres  have  evident  tactical 
relationships  and  the  comb-lion  of  the  manoeuvres  with 
aircraft  poformance  parameters  is  particularly 
instructive.  The  similarity  of  these  manoeuvres  to 
manoeuvres  often  proposed  as  sources  of  agility  metrics 
clearly  indicates  to  this  author  that 
flight-mechanics-oriented  aspects  of  agility  are  entering 
the  mainstream  of  specification  and  evaluation  of 
aircraft. 

In  this  authors  research  and  development  experience 
with  flying  qualities,  manoeuvrability,  and  agthty, 
perhaps  the  most  significant  single  event  was  his 
exposure  to  the  rotary  wing  view  of  agiHty  at  the  first 
meeting  of  the  AGARD  FMP  Working  Group  19.  The 
idea  of  unifying  precision,  manoeuvring  performance, 
and  Hying  qualities  through  objective  data  was  elegant. 
Papa  19,  "Study  Findings  on  the  Influence  of 
Manoeuvrability  and  Agility  on  Meh'copta  Handling 
Qualities,'  illustrated  the  effectiveness  and  maturity  of 
that  approach. 

The  papa  presents  methodology  and  results  for  three 
experiments.  It  is  interesting  to  note  that  results  suggest 
flying  qualities  criteria  could  be  relaxed  from  ADS-33C, 
the  US  Army  Design  Standard.  It  is  also  of  interest  that 
using  simulation  enabled  enough  test  runs  and  subject 
pilots  that  statistical  confidence  could  be  computed  for 
Cooper-Harper  ratings.  A  similar  approach  could  insert 
a  higher  degree  of  integrity  into  Bight  test  where 
conclusions  of  a  small  group  of  elite  pilots  can  mask 
problems. 

In  remarks  after  the  presentation,  one  conference 
attendee  remarked  that  the  flying  qualities  specification 
for  the  RAH-tid  helicopter  had  been  changed  because  of 
the  findings  reported  in  this  papa.  He  noted  that  the 
change  was  made  based  on  simulation  only,  without 
confirming  flight  test.  While  the  Ames  vertical  motion 
simulator  provides  exceptional  capability  to  duplicate 
rotorcraft  flight,  this  is  still  a  significant  step. 

This  papa  concluded  the  session.  The  complexity  and 
high  capability  of  modem  aircraft  and  control  systems 
offer  remarkable  capability,  but  also  demand 
mathematical  and  physical  understanding.  The 
opportunity  to  make  startling  advances  in  mission 
performance  is  balanced  by  the  danger  of  incomplete  or 
erroneous  design  execution  leading  to  subtle  hazards 
that  may  not  manifest  themselves  until  certain  unique 
circumstances  occur. 

Pilot  preferences  when  flying  such  aircraft  are  not  fully 
documented  and  issues  of  high-sngle-of-attack  dying 
under  operational  conditions  are  poorly  understood. 


•  •  i 


T-8 


Achieving  full  operational  benefits  of  highly 
manoeuvrable  aircraft  will  likely  not  occur  until  flying 
qualities  criteria  are  established.  The  necessary 
structured  research  prognu.is  will  require  a  research 
aircraft  similar  to  the  NT-33,  but  vastly  mere  capable  in 
flight  envelope  or,  alternatively,  a  lerge  body  of 
operationally  derived  flying  qualities  results.  The 
problem  with  operationally  derived  flying  qualities 
results  is  that  such  data  tends  to  be  inordinately 
expensive,  costing  money,  aircraft,  and  even  pilot  lives. 

Today  the  US  has  a  successor  to  the  NT-33,  the  F-16 
based  VISTA.  In  spite  of  strong  commitments  and  best 
intentions,  the  VISTA  is  not  capable  of  the  necessary 
research  without  enhancement  as  might  be  achieved 
with  a  more  capable  version  of  the  thrust-vectoring 
nozzle  now  installed  on  the  aircraft. 

At  this  point,  the  author  must  insert  another  personal 
note.  As  Director  of  Flight  Dynamics  at  Wright 
laboratory,  budget  shortfalls  prevented  me  from 
bringing  VISTA  to  a  satisfactory  stite  of  completion. 
Although  not  engaged  in  aircraft  programs,  1  am 
employed  by  Lockheed  Corporation  and,  with  the 
acquisition  of  the  Lockheed  Fort  Worth  Division 
(formerly  General  Dynamics  -  Fort  Worth),  Lockheed 
has  an  interest  in  further  investment  in  VISTA. 

SESSION  V;  AGILITY 

Paper  20  was  titled  'Operational  Agility  -  An  Overview 
of  AGARD  Working  Group  19."  This  author  was  a 
member  of  this  working  group  and  fully  supports  the 
conclusions  of  the  paper.  The  paper  wa*  presented  by 
the  chairman,  who  first  approached  me  about  writing 
this  technical  evaluation. 

The  working  group  met  for  the  first  time  in  1991,  with 
moet  members  prepared  to  spend  two  yeara  ira nosed 
in  flight  mechanics.  Flight  mechanic*  was  a  primary 
subject,  but  the  focus  of  the  working  group  was 
significantly  broader,  including  avionics,  weapons 
interface,  and  the  pilot/vehicle  interface.  In  considering 
these  subjects,  the  working  group  came  to  the  same 
conclusion  expressed  by  the  symposium's  keynote 
speakers  -  balance  mu*t  be  the  prime  consideration  in 
application  of  technology  for  agility. 

The  paper  and  the  planned  Working  Group  report 
provide  a  set  of  definitions  that  should  ease  future  work 
in  the  area.  The  paper  outlined  the  structure  of  the 
report  and  a  methodology  for  specifying  and  assessing 
agility  of  weapons  systems. 

Twelve  conclusions  are  presented,  the  last  of  which  is 
•The  study  of  Operational  AgiHty  is  still  immature.* 
Eight  recommendations  include  a  list  of  additional 
studies,  concluding  with  a  recommendation  in  support 
of  concurrent  engineering.  The  paper  includes  a 


self-assessment  of  the  degree  to  which  the  working 
group  accomplished  eight  assigned  objective*.  Of 
these,  seven  were  reasonably  well  accomplished.  The 
objective  "To  collate  the  results  of  lessons  learned  from 
experiments  on  agility'  was  only  partially  achieved 
because  many  of  the  experiments  are  still  underway  and 
data  are  only  sporadically  available.  This  objective  is 
important  enough  that  it  should  be  continued  in  the 
appropriate  AGARD  forum. 

Paper  21  is  an  “Operational  Agility  Assessment  with  the 
AM-X  Aircraft.'  One  of  the  co-authors  was  a  member 
of  Working  Group  19  so  this  paper  was  written  with 
knowledge  of  working  group  deliberations.  The  AM-X 
is  a  relatively  mature  aircraft  end  was  designed  with 
attention  to  agih'ty,  but  without  the  benefit  of  substantial 
research  over  the  past  several  years.  Looking  bock  at 
the  aircraft  from  today’s  perspective  illustrates  the  extent 
to  which  "agility”  is  an  eternal  truth  in  aircraft  design. 
Today's  point  of  vie  w  also  illustreies  the  imp:  ovement  in 
appreciation  and  understanding  of  agility  as  a  result  of 
recent  investigations  and  considerations.  Unfortunately, 
none  of  the  authors  were  able  to  attend  and  the  paper 
was  presented  by  one  of  tire  session  chairmen. 

Significant  aspects  of  the  AM-X  investigation  include 
the  extensive  use  of  simulation  and  the  application  of 
concepts  emerging  from  Working  Group  19.  The 
approach  of  performance-oriented  evaluations  rather 
than  subjective  flying  qualities  is  notable 

Results  are  presented  for  four  manoeuvres  Tire 
methodology  for  collecting,  correlating,  and  presenting 
tgitty  data  in  terms  of  time  to  accomplish  a  specified 
manoeuvre  is  in  keeping  with  several  of  the 
presentations  preceding  this  one  Consistent  with  odier 
results  already  presented  at  this  symposium,  this  paper 
validates  the  applicability  of  agility  metrics,  the  use  of 
simulation,  and  the  concept  of  evaluating  a  compute 
pflot-in-the-loop  system. 

TECHNICAL  TOUR  -  NAVAL  AIR  WARFARE 
CENTER,  PATUXENT  RIVER,  MARYLAND 
At  this  point,  the  symposium  was  interrupted  for  t  tour 
of  the  Naval  Air  Warfare  Center,  NAS  Patuxent  River, 
Maryland.  This  author  was  assigned  there  as  a  test  pilot 
from  1980  to  1983.  The  technical  tour  include  .i  an 
opportunity  to  witness  a  land-based  steam  catapult 
hunch  of  an  F/A-18  and  inspection  of  the  land-based 
irrestng  gear.  Both  the  catapult  and  the  arresting  gear 
are  similar  to  those  installed  on  US  aircraft  carriers. 
Other  tour  stops  included  the  Chesapeake  Test  Rings 
and  the  adjacent  data  acquisition  system.  These  two 
systems  have  long  set  the  standard  for  generic, 
fright-test  ground  terminals. 


the  power  of  the  US  Navy's  plan  to  consolidate 
aeronautical  research,  procurement,  and  testing  at  one 
location  was  evident  in  the  simulation  facility.  This 
operation  ic  well  beyond  that  normally  found  at  a 
research  or  a  test  establishment  The  adjacent 
connected  anechoic  chamber  for  test  of  full-scale 
aircraft  provides  an  important  capability  and  a  strong 
argument  for  concentration  of  resources.  The  tour  also 
visited  the  US  Navy  Test  Pilot  School  and  static  display 
of  school  aircraft  As  interesting  as  the  display  w ps,  the 
USAF  NT-33  and  the  CALSPAN  Learjet  both 
equipped  for  variable  stability  flight,  soon  became  a 
center  of  attention.  The  presence  of  these  two  aircraft 
and  the  impromptu  explanations  of  their  role  in  the  Test 
Pilot  School  served  the  objectives  of  the  tour  well. 

SESSION  V:  AGILITY  (cMrtfcawad) 

Assuring  that  technology  discussed  during  the 
symposium  can  be  made  available  to  the  pilot  is 
addressed  in  Paper  22,  "Expanding  the  Pilot's 
Envelope."  This  author  is  a  strong  supporter  of  the 
poult  of  view  presented,  a  point  of  view  I  developed  as  a 
combat  pilot  and  presented  as  one  author  of  the 
Pdot/Vehicie  Interface  Chapter  of  the  Working  Group 
19  report 

The  most  significant  contribution  of  the  paper  may  be 
its  presentation  of  human  capability  as  an  envelope  to 
be  expanded  by  careful,  insightful  design.  The  human 
envelope  is  multidimensional,  with  the  interplay  of 
several  stresses  operating  over  time  to  affect  capability. 
In  particular,  the  discussion  of  fatigue  as  not  a  condition 
in  itself  but  as  a  result  of  conditions  was  insightful. 
Understanding  fatigue  is  difEcuh  because  it  cannot  be 
directly  measured  until  a  sudden  drop-off  in  pilot 
performance  is  noted.  The  paper  also  discusses  the 
contribution  of  training  as  a  means  to  expand  pilot 
capability,  the  importance  of  a  properly  designed 
informational  interface  and  the  structure  of  a  successful 
control  strategy. 

The  discuaiion  of  display  menus  is  particularly 
insightful  Thu  author  would  add  the  observation  that 
display  menu  sequences  are  often  set  up  in 
consideration  of  a  "design  mission"  that  the  pilot  almost 
never  flies.  While  leading  the  pilot  to  the  next  "right" 
decision,  designers  must  avoid  confining  the  pilot  to  a 
predetermined  sequence  of  events 

Paper  23,  Tie  Influence  of  Flying  Qualities  on 
Operational  .\gifity,"  illuminates  two  important 
concepts.  In  a  variation  on  the  idea  that  good  Hying 
qualities  lead  to  good  pflot/aicraft  system  performance, 
tills  paper  proposes  measuring  the  agility  factor  as  the 
ratio  of  performance  achieved  by  the  pilct  to  the 
maximum  theoretical  performance.  The  second  concept 
hnks  flying  qualities,  as  measured  on  the  Cooper-Harper 
rating  scale,  to  safety  and  mission  accomplishment. 


T-9 


The  objective  in  using  the  agility  factor  is  to  achieve  a 
value  of  one,  meaning  the  pilot  achieves  the  maximum 
performance  available  from  the  system.  His  inputs 
might  consist  of  a  step  input  to  full  control  deflection 
and  an  abrupt  full  opposite  deflection  to  complete  the 
manoeuvre,  all  occurring  without  overshoot, 
undershoot,  bobble,  or  oscillation.  This  author  suggests 
that  the  approach  is  meaningful  only  in  the  context  of 
high-performance  manoeuvres  by  high-performance 
aircraft.  A  30-degree  roll  by  an  airliner,  performed  at  an 
electronically  limited  rate,  would  achieve  a  high  rating 
but  would  not,  in  this  author's  opinion,  be  evidence  of 
agility. 

To  link  flying  qualities  and  safety,  the  paper's  author 
considers  Cooper-Harper  pilot  ratings  as  Gaussian 
distributions.  For  a  given  aircraft  and  a  given  task,  there 
is  a  finite  possibility  that  the  pilot  rating  for  a  specific 
occurrence  will  be  worse  than  6,  meaning  the  mission  is 
compromised  and  another  possibility  that  the  pilot 
rating  will  be  10,  meaning  loss  of  control  occurs.  There 
are  numerous  caveats  on  this  approach,  including  the 
assumption  that  pilot  ratings  are  Gaussian  and  that  the 
rating  scale  is  linear.  Fully  developed,  the  approach 
would  make  it  possible  to  determine  cost/benefit  ratios 
for  flying  qualities  improvement 

Piper  24,  'An  Agility  Metnc  Classification  Scheme  for 
Operational  Agility,*  reflects  the  proceedings  of 
Working  Group  19  and  the  Working  Group  report.  The 
contribution  of  tins  paper  and  trie  corresponding  part  cf 
the  report  is  a  structure  for  ajihty  specifications  tor 
program  officials.  The  resulting  system  specific  iion 
can  be  constructed  entirely  at  the  mission  level  or  it  can 
extend  to  the  flight  mechanics  level.  Once  the  top-level 
specification  is  in  place,  the  structure  presented  in  this 
papa  provides  a  means  to  decompose  toward  flight 
mechanics  rad  eventually  to  detail  design.  One  thread 
that  runs  through  all  metrics  considered  is  time,  both  as 
an  independent  variable  and  as  a  measure  of  ment. 
Considering  this  paper  with  the  previous  two,  the  reader 
can  integrate  the  human  performance  dimension  and  the 
probability  of  mission  success  with  other 
considerations.  This  integration,  if  successful,  can  guide 
system  design  from  earliest  concept  to  evaluation  of 
alternate  technological  approaches. 

A  further  conclusion  from  Paper  24  is  that  the  available 
data  are  incomplete,  ji  today's  marketplace,  where  the 
value  of  addressing  issues  "up-front  and  early"  is 
understood,  but  is  expensive,  availability  of  the 
individual  metrics  and  the  overall  structure  presented  in 
the  paper  will  pay  off. 

Paper  25,  "Application  of  Centrifuge  Based  Dynamic 
Flight  Simulation  to  Enhanced  Manoeuvrability 
RDTAE,"  builds  on  the  demonstrated  value  of 
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simulation  and  shows  one  more  approach  to  increasing 
simulation  fidelity.  Use  of  centrifiige-based  simulation 
is  well  accepted  for  some  applications,  particularly  those 
associated  with  measuring  and  improving  g  tolerance. 
The  question  addressed  by  this  paper,  however,  is  flying 
qualities  research  using  motion-based  simulation. 
Six-degree-of-freedom  motion  is  used  in  many 
simulators  but,  because  of  limited  ranges  of  motion,  can 
only  provide  onset  cues.  A  centrifuge  can  provide 
continuous,  substantial  accelerations,  but  only  witliin 
tightly  linked  relationships  limited  by  the  fact  that  the 
gondola  must  remain  affixed  to  the  end  of  the  centnfuge 
arm.  Human  perception  plays  an  important  tole  in 
development  of  rules  for  selecting  which  acceleration 
to  duplicate  and  which  to  compromise. 

The  core  issue,  not  addressed  in  tire  paper,  is  selecting 
the  niche  for  centrifuge-based  simulation.  This  author 
would  suggest  that  the  centrifiige-based  simulator's  role 
in  flying  qualities  research  will  remain  limited  by 
unintended  artifacts.  One  example  of  such  an  artifact 
was  cited  in  the  paper.  This  was  the  need  to  operate 
around  an  elevated  g  level  to  simulate  one  g,  to  be  able 
to  simulate  less  than  one  g.  To  be  competitive  in  flying 
qualities  research,  centrifuge-based  simulation  must 
offer  an  advantage  over  ether  forms  of  motion-based 
simulation. 

Paper  26  was  not  presented.  As  a  historical  note  and  a 
lesson  learned,  the  Russian  presenter  could  not  attend 
because  of  lack  of  a  passport.  Within  the  month 
preceding  the  symposium,  an  attempted  coupe  d’etat  in 
Russia  may  have  disrupted  the  functioning  of 
governmental  agencies.  AGARD  was  not  able  to  solve 
the  problem. 

Paper  27,  ’Optimal  Manoeuvring  in  Air-to-Air  Combat  - 
A  Differential  Game  Methodology.'  could  have  been  a 
dry,  mathematical  presentation.  Instead,  this  paper 
became  the  focus  of  controversy.  The  author's  stated 
intention  is  to  provide  a  means  to  link  simulation  and 
analysis  for  quick  development  and  evaluation  of 
air-to-tir  tactics  and  technology.  The  purpose  is  to 
evaluate  tactics  with  ne-v  technology  before  the  aircraft 
is  designed  rather  than  after.  If  successful,  this  will  avoid 
expenditure  on  technology  that  hat  tittle  tactical  value 
and  identify  alternative  technology  with  high  payoff. 

One  critical  element  of  the  paper's  approach  is  a 
recognition  that  in  the  air-to-air  environment,  pilots  fight 
weapons  envelopes,  not  just  aircraft  Flying  one’s  own 
aircraft  in  a  manner  that  enlarges  the  opponent's 
envelope  confers  an  advantage  on  the  opponent  In  the 
context  of  "fighting  the  envelope,’  post-still 
manoeuvring  usually  increases  the  opponent's  envelope 
and  increases  susceptibility  to  the  opponent’s  missile. 
On  the  other  hand,  the  advantage  of  po6t-still 


manoeuvring  can  be  a  quick  kill.  Therein  lies  the 
controversy. 

The  paper  presents  results  of  an  innovative  low-cost 
simulation  running  on  a  work  station  to  compere 
technologies  for  effectiveness  in  selected  scenarios. 
Differential  gaming  guided  the  experiment  and 
evaluated  results.  One  technology  set  evaluated  was 
supermanoeuvic  to  point  the  nose  plus  a  missile  capable 
of  launch  at  high  angle  of  attack  To  quote  the  paper, 
’...the  pilots  thought  it  would  be  unbeatable.  However, 
the  technology  in  this  test  offered  httle  advantage ..." 
The  author  includes  the  note,  "Perhaps  there  is  moie 
advantage  to  this  technology  in  real  (within  visual  range) 
air-combat...*,  but  to  no  avail.  Individual  members  of 
the  audience  vociferously  rejected  or  defended  the 
results.  Protests  by  the  author  that  the  study  and  the 
paper  offered  a  methodology  rather  than  a  conclusion 
did  little  to  defuse  the  tension. 

In  this  episode,  the  controversy  obscured  the  issue.  The 
cost  of  research  is  so  high  that  every  available  means 
must  be  used  to  understand  potential  benefits  One 
serious  difficulty  continues  to  be  the  lack  of 
understanding  between  the  technical  and  operational 
communities.  Fly-by-wire,  totally  accepted  today, 
presents  an  excellent  illustration.  The  developers  of  the 
technology  knew  very  well  that  the  benefits  would  be 
design  freedom  and  improved  flying  qualities.  The 
operational  community  did  not  perceive  that  design 
freedom  would  lead  to  stealth  aircraft  or  that  improved 
flying  qualities  could  eliminate  many  fatal  accidents 
while  improving  system  performance.  So,  how  to  sell 
fly  by  wire?  It  was  sold  based  on  the  concerns  of  the 
operational  community  at  the  time  -  weight  reduction 
and  the  ability  to  survive  battle  damage.  Experience 
tells  us  that  our  customer  works  in  the  present.  Our 
choices  are  to  present  our  technology  in  tercw  of 
present  issues  or  to  provide  our  customer  with  the 
means  to  see  the  future.  Developing  a  view  of  the  future 
is  the  intent  of  the  technology  of  Paper  27.  It  is  most 
important  that  the  controversy  not  obscure  the  real  issue 
-  can  differential  game  methodology  effectively  screen 
tactics  and  technology  sets?  Can  it  help  the  customer 
select  among  alternative  futures? 

At  the  end  of  the  conference,  this  author  was  given  an 
opportunity  to  make  remarks  With  a  perspective 
developed  in  just  over  a  year  spent  mostly  in  pursuits 
other  than  aeronautics  and  mititary  aircraft,  it  is  clear 
that  rapid  progress  has  continued.  Information 
technologies  from  the  civil  sector  are  a  significant 
contributor  to  this  progress.  In  the  period  of  reduced 
militiry  spending  to  come,  adapting  other  technology 
developed  outside  the  mititary  sector  will  be  an 
important  key  to  effectiveness  and  cost  control 


CONCLUSIONS  AND  RECOMMENDATIONS 
Selected  conclusions  and  recommendation  follow. 
Others  may  be  found  in  the  text  of  this  report 

Conclusion:  Simulation  and  analysis  can  provide  the 
basis  for  accurate  predictions  of  bigh-angie-of-attack 
characteristics  and  flying  qualities.  Used  in  conjunction 
with  on-line  simulations,  an  accurate  preSight  data  base 
can  spec'’  right  test  and  envelope  expansion. 
Recommendation.  Programs  study  examples  like 
YF-22  envelope  expansion  to  develop  techniques  to 
minimize  time  and  expense  in  flight  test 

Conclusion:  A  comparative  study  of  forebody  flow 
control  and  forebody  voit.'x  control  would  benefit  the 
aeronautics  community.  Such  a  study  should  include 
various  mechanisms,  port/slot  locations,  nose  shapes, 
and  correlation  of  analytical,  simulation,  and  flight-test 
results. 

Recommendation:  AGARD  consider  establishing,  such 
a  study,  perhaps  starting  with  a  forebody  control 
workshop. 

Conclusion:  High-angle-of-attack  flying  qualities 

research  lags  aeronautical  development 
Recommendation:  AGARD  schedule  a  workshop  or 
symposium  to  address  the  subject 

Conclusion:  Parameter  identification  may  provide  an 
impoitani  appioech  to  addressing  expansion  of  the 
flight  envelope  into  non-linear  regimes.  Fast-moving 
flight-test  programs  do  not  encourage  use  of  the 
technique. 

Recommendation:  Advocates  of  the  technique  consider 
how  to  better  fit  into  accelerated  flight  test 

Conclusion:  Poor  communication  between  technologist 
and  user  of  the  value  of  exceptional  manoeuvrability 
inhibits  both  communities. 

Recommendation:  AGARD  establish  a  forum  with 
carefully  selected  membership  from  both  communities 
to  further  explore  applications  of  manoeuvrability. 

Conclusion:  The  X-31A  program  advanced 

high- angle -o  f-attack  flight  test  instrumentation  and 
testing  techniques. 

Recommendation.  With  the  EFA  and  the  F-22  program 
pending,  it  may  be  beneficial  to  all  participants  to 
develop  a  forum,  perhaps  within  AGARD,  for  ahtring 
problems  and  solutions.  Rafale  lessons  may  also  be 
valuable. 

Conclusion  Advancements  in  information  technology 
are  significantly  affecting  aircraft  development,  design, 
and  tactical  utilization. 

Recommendation:  AGARD  should  consider 

sponsoring  a  forum  to  better  understand  the  impact  of 
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this  technology  and  to  position  the  fight  mechanics 
community  to  achieve  full  benefit  from  these  advances. 

SUMMARY 

The  symposium  was  highly  successful  in  presenting  a 
wide-ranging  review  of  recent  advances  in  fighter 
aircraft  manoeuvrability.  The  Rafale,  YF-22,  and  EFA 
represented  the  current  generation  with  significant 
advances  over  earlier  technology.  The  F-15  STOL  and 
X-31A  programs  represented  recent  and  current 
research  activities.  The  various  sessions  coveted 
aerodynamic  and  propulsive  aspects  of  enlarging  the 
flight  envelope. 

Flying  qualities  and  agility  sessions  addressed 
implementation  and  application  of  manoeuvrability 
technology.  The  simulation  session  and  analytical 
discussions  embedded  m  other  sessions  documented 
using  these  techniques  for  charting  new  directions, 
evaluating  technology  options,  and  advancing  selected 
technology. 

Missing  from  the  symposium  were  X-29  vortex  flow 
control  flight  test  results,  F- 18  High  Angle  of  Attack 
Research  Vehicle  (HARV)  tests  and  results  from  NASA 
Ames  full-scale  F-18  wind-tunnel  tests.  Other  advanced 
programs  outside  the  US  and  beyond  the  author's 
familiarity  mignt  have  made  similar  contributions.  The 
absence  of  these  programs  highlighted  the  necessity  for 
a  comprehensive  review  of  forebody  Sow  and  vortex 
control  research,  simulation,  and  testing. 

Controversy  about  the  application  of 
high-angje-of-attack  capability  fllurranated  the  difficulty 
of  communication  between  technologists  and  operators. 
The  keynote  speakers,  both  operationally  oriented  and 
technically  literate,  highlighted  the  need  to  balance 
technology  with  cost  and  mission  needs  Nonetheless, 
durmg  the  course  of  the  conference,  controversy  about 
the  value  of  high-angle-cf-attack  manoeuvrability 
surfaced.  The  broad  approach  taken  by  AGARD 
Working  Group  19,  as  repotted  during  the  symposium, 
illuminated  several  technology  needs  and  recommended 
approaches  to  satisfying  those  needs.  The  report  of 
Working  Group  19  may  provide  a  framework  for 
addressing  issues  associated  with  post-stall  manoeuvre. 

The  author  thanks  AGARD  and  all  symposium 
attendees  for  a  stimulating  opportunity.  As  NATO's 
role  changes,  the  personal  contacts  afforded  by 
AGARD  participation  may  provide  glue  to  help  keep  the 
aflitnee  successful. 
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par 

Le  General  de  Brigade  Aerieune  J-G.  Brevot 
Sous  Chef  Programmes  Materiels 
EMA. 


24,  Boulevard  Victor 
00460  Armees 
France 


Laissez  moi  tout  d'abord  vous  dire  le  plaisir  qui  est  le  Mien  de  prononcer  I’intervention 
d'ouverture  de  ce  symposium  consacrA  aux  technologies  pour  les  aAronefs  k  haute 
manoeuvrability. 

Je  suis  en  effet  en  quelque  sorte  un  ancien  du  Flight  Mechanics  Panel  de  I’AGARD 
puisque,  plusiturs  fois  au  cours  de  ma  carriers  aAronautique,  j'ai  eu  I'occasion  d'apporter  mon 
experience  lors  de  symposiums  prAcAdents  ou  pour  des  travaux  d'Aerospace  Application 
Studies. 

Je  suis  d'ailleurs  particuliArement  heureux  de  retrouver  aujourd'hui  des  personnalitAs  qui 
ont  longtemps  oeuvrd  pour  la  quality  des  travaux  du  Panel,  et  je  tiens  tout  spAcialement  k  saluer 
Mr  J-M  DUC,  co-chairman  de  la  ler  session  de  ce  symposium,  dont  les  competences 
aAronautiques  sont  remarquables  et  qui  me  fit  connaftre  I’AGARD  il  y  a  maintenant  bien  des 
anndes. 
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Comme  k  I’accoutumAe,  je  pense  que  les  travaux  de  ce  symposium  seront  de  grande 
quality  et  que  les  progrAs  et  les  perspectives  de  la  technique  dans  le  domaine  de  la  haute 
manoeuvrability  seront  bril'amment  AvoquAs. 

II  convient  done,  avant  de  laisser  place  jux  exposys  et  aux  dAbats  sur  les  possibles 
offertes  par  cette  technique  de  pointe,  de  vous  faire  part  des  rynoxions  de  I'opyrationnel  que 
j'ytais  et  du  responsable  de  i'yquipement  de  I'Armye  de  i'air  frangalse  que  je  suis  maintenant. 

Et  pour  commencer  je  vous  parierai  des  commandos  de  voi  6!ectriques  dont  I'arriv6e  dans 
’  •  ■  .•‘urant  des  ann6es  70  a  v6ritablement  rAvoiutionnA  le  monde  de  I’aviation  de  combat. 

Vous  en  apprAcioz  certainement  les  qualitys  remarquables  en  mati6re  de  stability,  de 
rapidity  de  r6ponse,  de  manoeuvrability  ou  de  sycurity. 

Je  voudrais  ajouter  un  point  qui  est  trap  souvent  oubliy  face  k  ces  remarquables  apport3 
techniques.  En  effet  I'apport  peut-Atre  le  plus  6tonnant  de  ces  dispositifs  de  commandos  de  vol 
yiectriques  est  que,  pour  la  premie  fois,  on  a  cess 6  de  constamment  charger  i'esprlt  du  pilole 
par  des  tAches  de  second  ordre.  Pour  la  premise  fois  on  a  cherchA  A  utiliser  son  Intelligence 
pour  des  tAches  products ss. 


Presented  aianAGARD  Sleeting  on  Technologies  for  Highly  Manoeu  imble  A  irernft ;  October  1993. 
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Ja  m'expiique. 

L’avton  etant  davanu  redoutablement  facile  4  manoeuvrer,  I’asprit  du  pitote  est  devenu 
beaucoup  plus  disponibte  pour  sa  consacrer  au  systems  d'trmes,  4  la  maitrise  da  la  situation, 
£  la  tadique,  bref  pour  assurer  las  fonctions  de  haut  niveau  qui  assurent  la  victoire  dans  la 
combat  a6rian  modem®.  II  s'agit  14  probablement  de  I'apport  le  plus  remarquable,  bien  qua 
souvoni  mal  pergu  parce  qu'indirect,  des  commandes  de  vd  &ectriques  sur  I’efficacite  global® 
des  avions  de  combat. 

Cet  exempt®  illustre  d'ailleurs  fort  blen  llnteraction  constant®  qui  existe  entre  les  quaSt^s 
manoeuvri4re$  d’un  avion  at  les  fonctions  do  son  system®  d'armes,  que  cotta  intar action  sort 
techniquement  diracte  ou  tactiquement  indirect®. 

Je  pens®  que  c'est  une  consideration  que  vous  ne  devrez  jamais  oublier  au  cours  des 
debats  de  ce  symposium. 


Un  autre  sujet  dlnteret  pour  I'operationnel  ast  de  savoir  bien  corner  les  domaines  dans 
lesqueis  nous  devons  appliquer  les  pr ogres  fulgurants  de  la  technologic.  Access oirament,  la 
financier  desire  savoir  quels  sont  les  axes  technoiogiques  dans  lesqueis  il  dolt  investir  les  francs, 
les  ecus  ou  les  dollars...  devenus  de  plus  en  plus  rares. 

Le  sujet  est  d'importance  car  I'experience  des  confiits  recants  au  premier  rang  dasquafs 
la  guerre  du  Gotfe,  montre  qu'il  est  totalemjnt  vain  d'esperer  une  victoire  aerienne  complete  dans 
un  theatre  d'operations  modem®  si  on  nc  dispose  pas  de  la  technotooie  la  plus  evolue®. 
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Mais  dans  quelles  technologies  faut-il  investir  ? 

Dans  le  domains  de  la  haute  manoeuvrable  qui  est  celui  de  ce  symposium,  je  vous  pose 
en  pn/ticuiier  la  question  auivante :  pour  Jtre  efficace  en  combat  aerien.  vaut-8  mieux  d4vetopper 
la  manoeuvrable  de  ('avion  ou  au  contraire  cede  de  I'armement  et  en  particulier  des  missiies? 

M  temble  en  effet  iconomiquement  plus  rentable  de  rendre  extemement  manoeuvred  les 
missiles,  au  detriment  eventuel  des  capacites  mano#uvri4res  de  I'avkxt  porteur ;  sort  out  si  ce 
dernier  dispose  d'un  system®  d'armes  evolue  avec  des  dispotitifs  de  tir  rapid®  et  fortement 
depointe  comma  les  viseurs  de  casques  ou  les  senseurs  Infra-rouge. 

Seulement,  que  se  passe-t-d  akxs  sU  ny  a  plus  de  missiies  k  bord  de  I’avion  et  sH  faut 
tirer  au  canon  ?...  canon  que  les  operationnels,  consdents  des  coiits  tr4s  eievis  des  missiles 
modemes,  appellant  Tarme  du  troisi*me  jour*.  Et  puls  la  haute  manoeuvrable  present® 
d'autres  avantages :  aptitude  k  se  poeitionner  t r4s  rapidement  done  4  percevoir  et  4  domfner  la 
situation,  maitrise  permanent®  de  1'appareii,  rstombies  sur  Its  capacites  STOL.. 
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U  rUM*  eel  qu’A  aovatopp*  budg*taire  constants  9  taut  tower  un  juste  mgeu.  J'om 
esp*rer  qua  cartains  Mments  permattart  d*appr*citr  ca  juste  m#eu  sortiront  da  ce  symposium. 


Voua  avaz  bian  sarti  9  ms*  pcopo*  qua  ja  suit  p«rtSeuB*r*m*rt  attach*  A  la  quastion  da* 
coot*.  Et  c'att  bicn  normal  quand  on  act  la  racponsable  da  la  programmadon  at  da  r*quip*mart 
d'unt  Arm**  da  rak. 

Au  d*part  da  mon  travail  9  y  a  d'atfaurs  I'exprassion  du  basokt.  laqud*  a*t 
particuMrament  dWdi#  dan*  I*  domain*  da  la  haul*  manoauvraMfc*,  aurtout  si  on  a*  haurla  au 
proU*ma  *voqu*  pr*c*dcmmant  da  la  tronMr*  antra  I'avton  at  le  miss**.  Comment  an  aflat 
specifier  la  manotuvrabSti  ?  da  fa^on  rigid*  par  das  chiflras.  ou  da  fa^on  ouvarla  par  das 
risuftats  dans  des  scenarios  dorm 6s  ? 

D'oCi  ilmportanc*  pardcuWkamant  grand*  qua  nous  attachon*  aux  simulations  d'*tuda  at 
dc  conception.  J'a$p*re  quo  c*  domain*  sara  *voqu*  au  cours  da  c*  symposium. 

Mai*  «~.t<nons-en  aux  coots. 

Nous  n*  farsons  pas  da  la  technique  pour  la  technique,  nous  taisons  do  la  technique  dans 
un  but  d'aflfcadt*  mifitnr*  sous  cootraW#  budg*take. 

Je  nt  pourrai  done  qua  voua  inciter  au  cours  da  no*  presentations  at  d*bats  *  garder 
constamment  pr*a#nt  *  I'esprt  it  soud  da  !a  justification  op*rationr>»9t  lac*  au  budget,  et  du 
raBPOd  coft/ef»cacit*.  En  aflat  8  rta  sort  4  rian  d'fcuOer  dee  dapoaitif*  tabuitux  cfhypar- 
manoeuvrabM*  si  on  eat  dans  UncapacM  totaia  da  s*  las  payer.  I  taut  savoir  s'arr*tar,  car 
('avion  ast  un  tout  qui  a  d'autras  basoins  dlnvastisscmant 

C'est  bian  I*  la  plus  d*flic9a. 


Et  puiaqu*  nous  *voquor»  la  proUtma  das  coOts,  parione  Mors  das  r**St*s  kidustrtefett. 

Le  domains  da  la  haute  manoeuvrabiM*  ast  particuMramant  loumi  an  dispositifs  coutaux 
daatin**  *  maltriaar  la  vot  aux  trte  grand**  inddancaa,  I*  poat-d*crochage,  la  pout**#  vactoriela 
at  bian  d'autra*  sujets  ancora...  0*  nombraux  at  tr*c  certainamant  br  Wants  expo***  sur  cat 
dispositifs  sort  pr*vut  au  court  da  c*  symposium. 

Puisqu*  cas  riaSsations  sort  ccOteuaes,  I  va  cartainamert  fa#or  s'aHiar  at  sa  reorouoar 
antra  induatriais  at  antra  Nation*.  Et  c'ast  un  das  grands  b4o*8c«»  da  c*  type  da  manifestation 
de  r*unk  let  meMaurs  specialist  et  das  applications  concern***,  da  pr*s*rter  mutueHamant  las 
comp*tancas  at  d'*tre  paut-*tra  la  g*n*rataur  da  coop*rations  et  d’aSancas  IndustrleRas  futures. 


Kl~t 


C'eat  an  lout  cm  ce  qua  ja  touhaNt.  d4*«reux  qua  ja  suis  da  voir  llndustrie  apt*  4  offrir 
dans  ravenir  aux  forcfce  arm4es  las  riaisaions  techniques  da  quaM4  dont  alas  ont  basoin. 

Ja  na  paux  terminer  sans  vous  fair*  part  da  mas  soutis  pour  I'avantr. 

Chaqu*  nouveau  programme  d'avion  da  combat  reprteanta  environ  10  ans  da  charge  da 
travail  pour  las  bureaux  cfttuda  concamts.  Or  las  coOts  particuMramant  Mavis  da  css  nouveaux 
programmes  aotrainaot  i«s  responsabfes  da  programmation  4  voutoir  rentabifiser  las 
investissamants  du  d4vetoppement  at  done  4  consarvar  las  avions  pendant  25  4  30  ans,  quitte 
4  pianHSer  un  ‘Mid  fife  update'  pour  I*  syst4me  d'armes. 

Comma  par  aifeurs  las  avions  soot  davanus  polyvalent*.  H  n*y  a  plus  I'attemanca  das 
programmes  air-air  at  air-sol.  La  cons4qu*nce  est  cfaira :  la  charge  da  travafi  deviant  kmifflsante 
pour  las  bursaux  d‘4tud*s  at  caux-d  ont  tendance  4  s*  d4mantefef,  perdant  ainsi  dSfinitivement 
la  como4tanca. 

Par  aileurs  on  assists  4  un  mouvemenl  g4n4ra#s*  da  regroupamants  industrials  pour  das 
raisons  Evident**  cfe  coots  da  production  at  d'effets  da  s4rle. 

Face  4  cas  regroupamants,  la  client  rnfitaire  qua  je  suis  s1nqui4t«  da  voir  disparage  petit 
4  petit  la  concurrence  at  par  consequent  rmdtation  4  la  guaTit6  da  conception. 

La  tableau  ast  done  piutOt  noir :  partes  da  comp4tance,  baisse  da  quaiii*  dc  conception. 

Oeerai-je  avancar  una  solution  4  cette  situation  critiqua :  la  maintian  dun  nombre  sutfisant 
da  sod*<4s  da  bureaux  d'4tude».  acccmpegn*  d'una  programmation  budg4taire  propre  4 
mainfenir  un  travail  permanent  da  conception,  pouvant  alar  jusqu'ao  prototype,  avec  (notation 
finandire  an  cas  da  eftoix  du  produit  pour  la  production  dans  las  grandes  tili4fw  regroup*** 
at  4ventueflcment  uniques. 


Ja  t eontnerai  an  vous  remar dant  encore  de  m'avoir  invit*  4  m'exprimcr  devan t  vous.  • 

L'AGARO,  at  plus  particufclr ament  la  Fight  Mechanics  Panel,  constituent  i*o  forum 
ramarquabia  Ju  progr4s  technotogSqua. 

Ja  na  paux  qua  vous  f*Sdter  par  wanes  pour  la  quart*  des  travaux  qua  j'entravois  pour 
ca  symposium.  * 

J  an  suis  hsursux  car  cette  quart*  ast  le  gaga  da  la  vitalit*  du  monde  da  I'a&onautique 
at  done  da  I'aficedt*  future  da  nos  Arm*es  de  I'air. 


•  • 
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MANEUVERA3ILTrY  -  ONE  KEY  TO  COMBAT  EFFECTIVENESS 

by 

Brigadier  General  George  K.  MueUner 

Direcior  of  Requirements 
Headquarters  Air  Combat  Command 
HQ  ACC/DR 
204  Dodd  Blvd,Ste  226 
Langley  AFB,  Virginia  23665-2777 
United  States 


Good  Morning.  Ladies  and  Gentlemen.  It  is  an 
honor  and  a  pleasure  to  be  able  to  make  some 
opening  remarks  to  help  initiate  (his  symposium. 

The  agenda  over  the  next  several  days  promises  to 
provide  us  a  great  review  of  the  state  of  the 
technology  to  support  highly  maneuverable  aircraft. 
As  expected  from  a  symposium  sponsored  by  the 
Bight  Mechanics  Panel,  the  agenda  will  focus  on 
the  Aerodynamic  and  Hying  Qualities  aspects  of  the 
subject  (CHART  F-l) 

I  believe  we  will  see  that  significant  advances  have 
been  made  in  both  better  understanding  and  better 
being  aisle  to  erploit  aircraft  maneuverability  as  a 
design  variable  contributing  to  the  effectiveness  of  a 
weapon  system,  it  is  this  broader  issue  of  weapon 
system  effectiveness  that  I  wish  to  focus  my 
comments  on  this  morning. 

As  the  Director  of  Fighter,  C2  and  Weapon 
Programs  for  the  Secretary  of  the  Air  Force  my 
responsibility  is  to  ovenrje  the  fielding  of  weapon 
systems  for  the  U.S.  Air  Force's  Combat  Air  Forces. 

I  am  happy  to  report  to  you  today  that  despite  the 
austere  budget  environment  and  force  structure 
drawdowns,  the  U.S.  Air  Force  will  continue  to 
modernize  our  fortes.  In  fact,  as  our  force  structure 
reduces  it  is  increasingly  important  that  each  weapon 
system  contribute  the  maximum  combat  effectiveness 
to  the  overall  force. 

Over  the  past  several  years  the  Air  Force  has 
performed  hundreds  of  trade  studies  and  thousands 
of  hours  of  modelling  and  simulation  to  determine 
the  proper  balance  of  design  variables  to  optimize 
the  effectiveness  of  both  our  next  generation  Air 
Superiority  fighter  (CHART  F-2).  All  of  this 
analysis  has  reaffirmed  that  the  effectiveness  of  the 
weapon  system  is  strongly  dependent  on  not  only  the 
performance  characteristics  of  the  aircraft  but  also 
on  the  characteristics  of  the  weapons  and  supporting 
avionics  employed  by  the  aircraft  and  the  command 
aid  conuol  environment  in  which  the  aircraft  will 
operate.  It  is  from  this  broiler  systems  perspective 


that  we  have  attempted  to  define  and  optimize  our 
weapon  system  requirements. 

The  Air  Force's  next  generation  Air  Superiority 
aircraft  is  the  F-22  which  is  the  outgrowth  of  the 
Advanced  Tactical  Fighter  program.  (CHART  F-3) 

This  design  emphasizes  a  balance  (CHART  F-4) 
toward  achieving  "First  Look.  First  Shot  and  First 
Kill".  This  balanced  approach  was  chosen  to 
provide  air  superiority  in  a  very  hostile  air-to-air  and 
ground-to-air  environment.  The  F-22  will  need  to 
operate  within  an  Integrated  Air  Defense  System 
(IADS)  which  will  include  very  capable  fighters 
equipped  with  long  range  RF  missiles  and  with 
short  range  IR  wear  *is  capable  of  being  employed 
in  a  very  dynamic  close-in  battle.  Additionally,  the 
IADS  will  include  both  RF  and  IR  surface-to-air 
missiles  which  must  be  dealt  with  to  preserve 
freedom  of  maneuver. 

The  F-22  design  emphasizes  stealth  and  integration 
of  uo  and  oitboard  censor  information  to  gain  the 
"first  look".  To  gain  "fust  shot"  an  integrated 
avionics  architecture  is  combined  with  The  AIM- 
120.  Advanced  Medium  Range  Air-to-Air  Missile. 
Balanced  signature  reduction  and  the  AIM-9X 
provide  the  shorter  range  capability  with  a  20MM 
gun  and  an  all  aspect  gunsight  completing  the 
armament  suite.for  the  close  battle.  Affordability 
from  both  the  acquisition  and  cost  of  ownership 
aspects  has  been  a  key  design  consideration. 

The  extensive  analysis  performed  by  the  Air  Force 
and  numerous  contractors  identified  the  leveraging 
characteristics  (CHART  F-5)  for  the  F-22.  For  each 
of  these  key  performance  parameters,  thresholds,  or 
minimum  acceptable,  values  were  established  which 
were  necessary  to  achieve  the  desired  level  of  combat 
effectiveness  and  to  insure  "  First  look,  first  shot  and 
first  kill".  These  threshold  values  have  been  the 
focus  of  several  years  worth  of  deliberation  and 
tradeoff  analysis.  They  of  course  represent  the  "live 
or  die"  performance  of  the  system  in  operational  test 
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Maneuverability  was  identified  as  one  of  the  key 
performance  ch.rac  (eristics.  (CHART  F-6)  The 
minimum  acceptable  maneuver  capability  allowed 
effective  exploitation  of  the  tactical  surprise  provided 
by  stealth  and  minimized  the  time  spent  within  an 
enemies  effective  sensor  or  weapons  envelope.  !n 
the  close  battle  our  simulation  analysis  showed  mat 
maneuver  advantage  alone  would  not  guarantee 
superiority  against  an  adversary  equipped  with  an 
all-aspect  IR  weapon  tnal  exploited  wide  fie!d-of- 
view  cueing  (CHART  F-7) 

Superiority  against  this  threat  required  not  only 
agility,  but  also  good  acceleration,  reduced  signature 
and  a  similar  weapons  capabilities.  The  key  to 
favorable  exchange  ratios  was  to  minimize  time 
spent  within  this  veiy  hostile  arena  -  especially  if  the 
scenario  involved  multiple  adversary  aircraft. 

System  configurations,  lacking  a  balanced  design, 
generally  achieved  only  equivalency  in  exchange 
ratio  in  the  close-in  battle  -  clearly  unacceptable  1 

As  a  result  of  this  analysis  the  F-22’s  maneuver 
requirements  are  only  slightly  greater  than  tliose  of 
the  F-15  or  F-16.  The  key  is  that  these  maneuver 
characteristics  must  be  achieved  by  a  design  that  also 
emphasizes  signature  reduction,  superior 
acceleration,  supercruise  and  significant  range.  This 
balanced  design  introduced  many  new  cbailen.ges 
since  our  previous  stealth  design  had  not  stressed 
maneuverability.  The  challenges  of  achieving  this 
balanced  design  requires  technologies  mr  lured  in  the 
programs  you  will  hear  about  over  the  next  several 
days. 

The  F-22  (CHART  F-8)  program  will  exploit  an 
integrated  (light  and  powerplant  control,  a  blended 
wing/Hdy  lies'.,  ;  exploiting  effective  vortex  control 
and  superior  high  angle  of  attack  flying  qualities 
which  allow  effective  and  safe  operation  at  angles  of 
attack  up  to  60  degrees.  The  applicants  of  digital 
simulation  has  allowed  us  to  work  the  optimizatioo 
and  trade-off  within  the  design  variable  with  mission 
effectiveness  as  the  governing  criteria.  Thus,  for  the 
F-22  maneuverability  remains  an  important  design 
requirement.  However,  this  is  maneuverability 
achieved  within  a  balanced  design. 

Recently,  the  Air  Force  completed  a  Multi-Role 
Force  analysis  to  identify  the  leveraging 


characteristics  of  the  replacement  for  the  F-16.  This 
aircraft  has  a  primary  air-to-  ground  role  with  a 
secondary  air-to-air  capability.  As  with  the  F-22. 
maneuverability  proved  to  be  a  key  characteristic 
(CHART  F-9)  but  only  within  a  balanced  design 
emphasizing  some  stealth,  excellent  reliability  and 
supportability  and  reduced  cost.  Once  again  the 
tequired  maneuverability  for  our  next  generation 
multi-role  fighter  was  only  slightly  better  than  the 
F-16  exhibits  today,  but  it  must  be  achieved  in  a 
platform  that  is  more  heavily  influenced  by  air-to- 
ground  weapons  delivery  requirements  and 
affordability.  Given  these  two  fighter  programs 
drive  our  operational  requirements,  let  me 
summarize  the  maneuverability  requirements  we  see 
for  these  21st  generation  aircraft  (CHARI  F- 10 ). 

First,  we  r  ust  maintain  or  slightly  improve 
maneuverability  while  decreasing  observables  and 
increasing  range.  Second,  we  must  refine  control 
technologies  and  Hying  qualities  to  permit  high 
agility  and  safe  transition  of  the  high  angle  of  attack 
arena.  While  we  do  not  see  long  sustained 
engagements  at  high  angle  of  attack,  we  will 
certainly  need  to  exploit  this  arena  in  the  close-in 
battle.  Third,  we  must  reduce  tile  development  and 
life  cycle  costs  of  the  advanced  control  systems 
required  for  our  balanced  design  to  keep  these 
aircraft  affordable.  Given  austere  budgets  and  the 
need  io  replace  a  large  number  of  F-16s  in  die  early 
21st  century,  our  replacement  aircraft  must  be 
affordable  to  develop  and  have  low  life-cycle 
operating  costs. 

The  three  challenges  i  have  described  are  significant 
but  as  you  will  heir  so  is  the  progress  we  are  making 
through  our  technology  programs.  (CHART  F- 11 ) 
Clearly,  the  introduction  of  stealth  and  the  advances 
in  weapons  technology  have  no:  obviated  the  need 
for  maneuverability.  Rather,  it  places  more  burden 
on  you  as  technologists  to  harmonize  your 
developments  into  a  balanced  design. 

As  a  warfighter  I  remain  optimistic  that  our 
expectations  will  be  met  ami  that  the  F-22  will 
pruvidc  air  superiority  and  that  the  combat 
effectiveness  of  our  force  will  continue  to  increase. 

Thank  you  for  your  mention.  1  will  be  glad  to 
entertain  your  questions. 
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MANEUVERABILITY 

ONE  KEY  TO  COMBAT  EFFECTIVENESS 


HCURE  1 


REQUIREMENTS  -W- 

BACKGROUND  m 


TRADE  STUDIES  AND  SIMULATIONS  INDICATE  THAT  A 
BALANCE  OF  PERFORMANCE,  SURVIVABILITY,  AND  RM&S 
CHARACTER'STICS  OFFERS  THE  HIGHEST  PAYOFF  FOR  AIR 
SUPERIORITY  FIGHTERS 

TRADE  STUDIES  REFINED  DESIGN  REQUIREMENTS 

•  APPROXIMATELY  18,150  MAN-IN-THE-LOOP 
ENGAGEMENT  SIMULATIONS  (1 VI,  2V6, 4V12) 

•  OVER  32,140  TAC  BRAWLER  /  ESAMS  SIMULATIONS 

BALANCED  BY  TECHNOLOGY,  AFFORDABILITY  AND  DESIGN 
MATURATION 

•  OVER  26,000  HOURS  OF  WIND  TUNNEL  TESTING 

•  OVER  2,436  HOURS  OF  FULL  SCALE  RCS  TESTING 

FIGURE  7 
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A  BALANCED  DESIGN 


FSS 


RM&S 

HIGH  READINESS 
SELF-SUFFICIENCY 
REDUCED  SUPPORT 


PERFORMANCE  X 

SUPERCRUISE 
MANEUVER  ADVANTAGE 
ACCELERATION 
SUBSTANTIAL  COMBAT 
RADIUS  V 


FIRST-LOOK,  FIRST-KILL 


SURVIVABILITY  > 

•  LOW  OBSERVABLES 

•  INTEGRATED  AVIONICS 

•  OPTIMUM  PAYLOAD  , 


AFFORDABILITY  N 

LOWLIFE-CYCLE  COST 
REDUCED  DEPLOYABILITY 
COSTS 
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KEY  PERFORMANCE 
PARAMETERS 
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KEY  PERFORMANCE  PARAMETERS  IN  ACQUISITION  PROGRAM  BASELINE 


RADAR  CROSS  SECTION  •  COMBAT  RADIUS 


SUPERCRUISE 


•  RADAR  DETECTION  RANGE 


•  ACCELERATION 


INDEPENDENT  AIRLIFT 


MANEUVERABILITY 


SORTIE  GENERATION  RATE 


PAYLOAD 


MEAN  TIME  BETWEEN  MX 
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ONE  OF  A  NUMBER  OF  KEY  FACTORS  CONTRIBUTING  TO 
COMBAT  EFFECTIVENESS 

SORD  REQUIREMENT:  F-22  AERODYNAMIC  MANEUVERING 

PERFORMANCE  CAPABILITIES  MUST  EXCEED  BOTH  • 

CURRENT  AND  PROJECTED  THREAT  AIRCRAFT 

SUPERIOR  ACCELERATION  AND  AGILITY  ENHANCE  BOTH 
OFFENSIVE  POTENTIAL  AND  SURVIVABILITY 

•  LEVERAGES  LOW  OBSERVABILITY  CHARACTERISTICS 

•  COMPLEMENTS  HIGH  ANGLE  OFF-BORESIGI  IT  SRM  • 

CAPABILITY 

•  PRESERVES  THE  OPTION  OF  RAPIDLY  SEPARATING 
FROM  A  MERGE 

•  DENIES  WEAPONS  PARAMETERS  TO  ATTACKING 

AIRCRAFT  AND  DEFEATS  ORDNANCE  IN  TERMINAL  • 

FLIGHT 

•  ENABLES  PILOTS  TO  SAFELY  TRANSIT  THE  HIGH  AOA 
REGIME 


FIGURE  5 
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WEAPONS  ENVELOPES 
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MANEUVERABILITY  ALONE  IS  INSUFFICIENT  TO  ENSURE  SURVIVA3ILITY 
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F-22  DESIGN  FEATURES 


at 


IBBLE  CANOPY 
•  EXCELLENT  FIELD  OF  VIEW 


IDED  WING/BODY 
STRUCTURALLY  EFFICIENT 
HIGH  INTERNAL  FUEL 


DAERO  PROPULSION 
ICRUISE 
VECTORING  FOR  AG'UTY 


WEDGE  SHAPED  INLET  DESIGN 

•  FIXED  RAMP 

•  100%  LINE-OF-SIGHT  BLOCKAGE  TO 
ENGINE  FACE 

•  LOW  DISTORTION/HIGH  RECOVERY 


EXTERNAL  SHAPING  DESIGN 
FEATURES  FOR  LOW  RCS 


HORIZONTAL/VERTICAL  TAIL  DESIGN 

•  UNRESTRICTED  MANEUVERING 

•  BATTLE  DAMAGE  REDUNDANCY 


FIGURE  7 


MRF  LEVERAGING  -W- 

CHARACTERISTICS  m 


DLOYABILITY 

&S 

YGE 

(LOAD 

ONICS  AND  SENSORS 


JIVALENT  SIGNATURE 
NEUVERAB1LITY 


CUT  DEPLOYMENT  PACKAGE  IN 
HALF  (8  OR  FEWER  C-141 B  LOADS) 

IMPROVE  SORTIE  GENERATION  BY 
INCREASING  MTBCF  BY  A  FACTOR 
OF  3  TO  4 

INCREASE  UNREFUELED  RANGE  BY 
50%,  PREFERABLY  WITH  INTERNAL 
FUEL  ONLY 

DOUBLE  THE  WEAPONS  PAYLOAD 
EXPAND  PRECISION  WEAPON 
CAPABILITY 

BETTER  CAPABILITY  FOR  NIGHT, 

ADVERSE  WEATHER,  AND  MEDIUM 
ALTITUDE 

MULTIPLE  WEAPONS  LAUNCH  PER 
PASS 

REDUCE  (DATA  CLASSIFIED) 

EQUIVALENT  TO  F-16  FIGURE  « 
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MANEUVERABILITY  WITHIN  A  BALANCED  DESIGN 
SAFE  AND  EFFECTIVE  OPERATIONS  AT  HIGH  AOA 


REDUCED  DEVELOPMENT  AND  LIFE-CYCLE  COSTS 


FIGURE  9 
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CONCLUSION 


MANEUVERABILITY  REMAINS  A  MAJOR  CONTRIBUTOR  TO 

OVERALL  COMBAT  EFFECTIVENESS  • 


A  BLEND  OF  CRITICAL  SYSTEM  C  HARACTERISTICS  IS 
REQUIRED  TO  OPTIMIZE  COMBAT  PERFORMANCE 


THE  BALANCED  DESIGN  OF  THE  F-22  ENABLES  IT  TO  ACHIEVE 
THE  NUMBER  ONE  PRIORITY  OF  EVERY  MILITARY  CAMPAIGN: 
CONTROL  OF  THE  AIR 


FIGURE  10 
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USAF/AEDC  AERODYNAMIC  AND  PROPULSION  GROUND  TEST  AND  EVALUATION  TECHNIQUES 
FOR  HIGHLY  MANEUVERABLE  AIRCRAFT  -  CAPABILITIES  AND  CHALLENGES 

by 

Edward  M.  Kraft,  PhD  Gfen  K.  Lazalicr  MX.  Laster,  Ph.D 

Calspan  Corporation/  Sverdrup  Technology  Inc,  USAF/AEDC 

AEDC  Operations  AEDC  Group 

Amok!  Engineering  Development  Center 
877  Avenue  E 

Arnold  Air  Force  Base,  Tennessee  37389-5051 
United  States 


SUMMARY 

The  simulation  of  highly  agile  aircraft  during  the 
development  phase  presents  a  significant  chal  lenge 
to  aerodynamic  and  propulsion  ground  test  and 
evaluation  methodologies.  The  primary  simula¬ 
tion  challenges  are  caused  by  the  inherent  un¬ 
steady,  separated  nature  of  the  flow  phenomena 
associated  with  maneuvering  aircraft  that  cause 
dynamic  effects  on  the  airframe  and  engine.  In 
general,  ground  lest  techniques  are  qursi-steady 
and  transient  effects  are  represented  by  linearized 
superposition  of  steady-state  data  and  unsteady 
small  disturbances.  Current  trends  in  the  design 
of  tactical  fighter  aircraft  require  close  coupling 
between  the  airframe,  avionics,  and  propulsion 
systems.  In  addition,  the  extreme  attitudes  and 
high  angular  rate  motions  of  this  new  breed  of 
vehicle  causes  a  strong  nonlinear  couplingbetween 
components.  In  the  current  paper,  several  aero¬ 
dynamic  and  propulsion  ground  test  and  evalua¬ 
tion  methodologies  applicable  to  maneuvering  air¬ 
craft  are  summarized,  challenges  associated  with 
current  techniques  are  identified,  and  an  emerg¬ 
ing  integrated  test  and  evaluation  concept  that 
can  significantly  impact  the  quality,  time,  and  cost 
of  developing  a  new  flight  vehicle  is  introduced. 

I.  INTRODUCTION 

Ground  test  facilities  such  as  wind  tunnels  and 
engine  altitude  test  chambers  have  traditionally 
been  used  to  develop  flight  vehicles.  New  trends  in 
tactical  military  aircraft  design  are  pushing  the 
limits  of  the  flight  envelope  and  are  consequently 
placing  greater  demands  on  the  capabilities  of 
ground  test  facilities.  The  traditional  approach  to 
simulating  the  dynamic  motion  of  maneuvering 
vehicles  has  relied  on  the  linearized  superposition 
of  steady-state  data  and  unsteady  small  distur¬ 
bances.  Newer  test  techniques  to  simulate  the 


high  amplitude  motion  of  maneuvering  vehicles 
are  being  developed,  but  are  not  fully  realized. 
Even  with  such  short-comings,  the  aerodynamic 
input  into  the  design  of  highly  agile  aircraft  will 
continue  to  come  from  ground  test  facilities. 

On  the  other  hand,  the  computational  modeling  of 
flight  vehicles  is  progressing  rapidly.  Unfortuna¬ 
tely,  the  dynamic  flows  around  agile  aircraft  can¬ 
not  be  numerically  predicted  from  first  principles 
in  an  adequate  fashion  using  present  day  capa¬ 
bilities  in  computational  fluid  dynamics  (CFD). 
However,  integrated  test  and  evaluation  metho¬ 
dologies  are  emerging  which  combine  ground  test¬ 
ing,  flight  motion  modeling,  ar.d  CFD.  As  the 
lewer  integrated  methodologies  evolve,  moreof  the 
Emulation  issues  of  maneuvering  aircraft  will  be 
resolved.  In  this  paper,  we  will  present  several  test 
and  evaluation  techniques  developed  over  recent 
years  that  can  provide  a  new  foundation  for  the 
development  of  highly  agile  flight  vehicles. 

2.  AERODYNAMIC  GROUND  TEST  AND 
EVALUATION  TECHNIQUE 

Wind  tunnel  tests  for  dynamic  stability,  including 
dynamic  and  rotary  balance  methodologies,  are 
well  understood  and  documented  (e.g.,  Ref.  1). 
Traditional  aerodynamic  ground  test  methods  have 
proven  to  be  accurate  in  low  angle-of-attack  flight 
where  the  aircraft  aerodynamics  are  linear  and 
cross-coupling  and  acceleration  derivatives  are 
small.  As  angle  of  attack  increases  and  associated 
nonlinear  flow  resulting  from  separation  and  asym¬ 
metric  vortex  shedding  occurs,  secondary  cross¬ 
coupling  and  acceleration  derivatives  become 
large.  Studies  have  been  made2  of  the  relative 
importance  of  various  dynamic  derivatives  in 
modeling  aircraft  motion  and  the  need  to  include 
good  approximations  to  these  derivatives  in  the 
simulation  of  maneuvering  aircraft.  In  this  sec- 
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ticn  we  will  introduce  some  nontraditional  ground 
test  and  evaluation  approaches  to  the  aerodyna¬ 
mic  simulation  of  maneuvering  vehicles,  including 
the  separation  of  weapons  from  the  aircraft. 

2.1  Simulated  Aircraft  Motion 

The  traditional  approach  to  the  aerodynamic 
development  of  a  flight  vehicle  generally  consists 
of  the  acquisition  of  a  comprehensive  static  aero¬ 
dynamic  coefficient  database  over  the  flight  enve¬ 
lope  of  the  vehicle.  Using  such  a  static  aerodyna¬ 
mic  coefficient  database  in  a  flight  simulator  to 
predict  the  performance  of  a  maneuvering  aircraft 
in  the  approach-to-stal'/stal'/post-stall  region  will 
usually  not  model  important  nonlinear  and  hyste¬ 
resis  effects  on  the  aircraft  aerodynamics. 

A  technique  for  simulating  aircraft  maneuvers  in 
a  wind  tunnel  without  the  need  of  a  conventional 
complex  and  costly  static  database  has  been  deve¬ 
loped.3  Captive  testing  of  a  flight  vehicle  during  a 
maneuver  is  accomplished  using  a  closed-loop  sys- 
temconsistingoflhe  model  with  remotely  actuated 
control  surfaces,  a  wind  tunnel,  and  digital  com¬ 
puters  as  illustrated  in  Fig.  1.  A  key  element  of 
the  process  is  the  remotely  controlled  actuators.  A 
unique  aileron  drive  system  developed  at  AEDC 
for  obtaining  remote  aileron  control  on  small 
models  with  thin  wings  is  illustrated  in  Fig.  2.  The 
system  is  designed  around  a  rhombus  with  a  screw 
jack  actuation. 

The  captive  aircraft  testing  methodology  has  been 
demonstrated  for  a  1/iO-scale  F-15  aircraft  model. 


Fig.  2.  Aileron  drive  mechanism  developed  for 
captive  model. 

The  wind  tunnel  model  was  installed  onasix-com- 
ponent  internal  strain-gage  balance  which  pro¬ 
vided  the  static  forces  and  moments.  The  wind 
tunnel  acts  as  an  analog  forcing  function  to  the 
model.  The  model  is  positioned  in  the  wind  tunnel  at 
some  trimmed  angle  of  attack  and  sideslip  for  a  spe¬ 
cific  condition.  Upon  initiation  of  the  maneuver, 
appropriate  model  control  surfaces  are  deflected 
and  static  forces  and  moments  are  measured.  The 
static  aerodynamic  measurements  are  input  to  an 
online  digital  computer  where  corrections  for  the 
aircraft  flexibility,  tunnel  flow  angularity, etc.,  are 
applied.  The  static  aerodynamics  are  than 
combined  with  additional  external  forces  (dynamic 
and  thrust  characteristics)  and  a  simulated  control 
system  and  used  in  solving  rhe  Euler 
Six-Degree-of-Freedom  (6-DOF)  equa¬ 
tions  of  motion.  The  computed  solutions 
to  the  6-DOF  equations  are  used  to  con¬ 
trol  the  orientation  of  the  model  through 
a  point  prediction  technique  which  uses 
the  last  two  successive  measured  values 
of  each  static  aerodynamic  coefficient  to 
predict  the  magnitude  of  the  coefficient 
over  the  next  prediction  interval.  The 
predicted  coefficients  are  then  used  to 
calculate  the  new  model  angle  of  attack 
and  sideslip  by  integrating  the  equa¬ 
tions  of  motion  over  very  small  time 
steps  over  the  prediction  interval.  The 
model  positioning  system  is  then  com¬ 
manded  to  move  the  model  to  the  new 
angles,  where  the  otatic  aerodynamic 
forcesand  momentsare  remeasured.  The 
above  process  is  repeated  until  a  com¬ 
plete  maneuver  is  generated. 
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Fig.  1.  Captive  closed  loop  dala  acquisition  system. 
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The  aircraft  Mach  number  is  also  calculated  at  flight  data  from  Ref.  4.  As  an  example,  an  abrupt 
each  prediction  interval,  and  the  wind  tunnel  Mach  1-g  wing  level  stall  was  simulated  for  an  F-15 
number  is  adjusted  to  the  new  value.  Thus,  the  aero-  aircraft  and  is  illustrated  in  Fig.  3.  As  observed  in 
dynamic  coefficients  are  measured  at  the  correct  Fig.  3,  an  uncommanded  lateral/directional  motion 
Mach  number  throughout  the  maneuver.  Also,  the  (wing  rock)  commences  at  about  20  deg  angle  of 
aircraft  thrust  is  calculated  and  modified  with  each  attack  while  both  the  lateral  stick  and  rudder 
prediction  interval  by  mathematically  modeling  pedal  are  fixed.  The  oscillatory  motion  is  caused 
the  simulated  aircraft  engine/inlet  installed  thrust  from  separated  and  asymmetric  flow  over  the  air- 
as  a  function  of  Mach  number,  altitude,  angle  of  craft  resulting  in  nonlinear  and  hysteresis  effects 
attack,  andangle  of  sideslip.  For  a  dual-engine  air-  in  the  aircraft  aerodynamics.  Comparison  with 
craft,  each  engine  is  modeled  separately  to  account  flight  data  is  excellent.  Although  this  maneuver  is 
fordifferences  in  the  inlet  attitude  during  the  man-  considered  simple  in  the  flight  test  program,  it  is 
euver.  difficult  to  simulate  using  a  static  aerodynamic 

database  in  a  simulator. 

Specific  maneuvers  are  programmed  through  the 

aircraft  flight  control  system.  Normally,  longitu-  Similar  excellent  comparisons  with  flight  data  are 
uinal  and  lateral  stick  position  and  rudder  pedal  presented  in  Ref.  3  for  simple  full  lateral  stick  roll, 
position  as  a  function  of  time  are  the  inputs  used  in  full  rudder  pedal  roll,  and  a  wind-up  turn  to  stall 
simulating  maneuvers.  As  an  option,  the  control  maneuver  for  the  F-15.  A  hidden  attribute  in 
surface  deflections  may  be  programmed  directly.  captive  testing  of  maneuvering  aircraft  which 

often  plays  a  significant  part  in  accurate  motion 
Complex  longitudinat  and  lateral/directional  simulation  is  the  inherent  modeling  of  control 
high-angle-of-attack  maneuvers  have  been  simu-  surface  interactions  (rudder,  horizontal  stabilizer, 
lated  with  this  technique  and  compared  with  etc.).  For  control  surfaces  in  close  proximity  which 
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experience  large  deflections,  interactions  often  be¬ 
come  significant  and  thereby  affect  vehicle  aero¬ 
dynamics.  Conventional  motion  simulation  cannot 
sufficiently  account  for  such  interactions  because 
of  the  requirements  for  unrealistically  large  data 
matrices  to  include  all  the  potential  surface  deflec¬ 
tions. 

2.2  Weapon  Separation 

The  new  breed  of  agile  fighter  aircraft  is  also 
expected  to  perform  as  a  weapon  separation  plat¬ 
form  at  extreme  attitudes  such  as  a  high-angle-of- 
attack  rolling  maneuver.  Such  a  condition  pre¬ 
sents  a  new  challenge  to  weapon  separation  simu¬ 
lation  because  both  the  aircraft  and  separated  wea¬ 
pon  are  in  accelerated  motion.  All  current  wind 
tunnel  test  techniques  for  store  separation  use  a 
fixed  parent  aircraft  and  simulate  the  weapon 
motion  by  either  a  quasi-steady  captive  trajectory 
or  a  dynamically  scaled  free  drop  in  the  wind 
tunnel.  Consequently,  the  relative  motions  of  a 
maneuvering  vehicle  and  separated  weapon  are 
not  simulated  by  current  wind  tunnel  test  techni¬ 
ques. 

In  principle,  an  aircraft  model  could  be  placed  on 
one  support  system  and  'flown''  in  the  wind  tunnel 
as  discussed  in  the  section  above  while  a  , 

weapon  of  interest  is  "flown"  indepen¬ 
dently  on  a  separate  support  mechanism. 

The  trajectory  equations  for  the  weapon 
could  be  solved  simultaneously  with  the 
Euler  equations  for  the  parent  aircraft  to 
locate  the  weapon  and  aircraft  in  relative 
position  at  each  time  increment  during  the 
maneuver  using  their  independent  support 
systems.  No  dual,  independently  controlled 
support  systems  exist,  and  such  a  testing 
technique  would  be  time  consuming  and 
expensive.  In  addition,  the  blockage  of  such 
a  dual-support  mechanism  may  prohibit 
smooth  operation  of  a  transonic  wind 
tunnel  and  impact  the  flow  quality.  Also, 
the  relative  motion  of  two  vehicles  would 
be  constrained  by  the  cross-sectional  area 
of  the  wind  tunnel. 


Fig.  4.  CFO  prediction  of  Mach  number  contours 
on  a  complex  fighter  aircraft. 

motion  and  predict  the  store  trajectory.  The  key  to 
the  successful  use  of  CFD  in  such  a  complex  pro¬ 
blem  is  to  rely  on  the  CFD  model  for  increments 
from  a  well-established  baseline.  A  comparison  of 
an  experimentally  determined  trajectory  with  one 
predicted  from  the  CFD  model  is  illustrated  in 
Fig.  5  for  the  F-I5E.  For  flight  conditions  where 
the  accelerations  of  the  parent  aircraft  are  not 
significant,  these  combined  CFD  and  experimen¬ 
tal  methods  have  become  very  robust  and  are 
routinely  applied. 
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An  emerging  capability  for  simulating  weapon 
separation  during  a  maneuver  with  high  angular 
rates  combines  computational  and  experimental 
methods.  Significant  advances  in  computational 
modeling  of  complex  aircraft  with  stores  have 
been  made  in  tho  past  few  years.5-7  A  representa¬ 
tive  flow-field  solution  for  the  F-15E  with  stores  is 
illustrated  in  Fig.  4.  Combining  the  CFD  solution 
with  selected  wind  tunnel  data  can  enable  one  to 
use  engineering  methods  to  solve  the  equations  of 


More  recently,  the  steady-state  CFD  methods  used 
for  store  separation  have  been  extended  to  model 
the  true  unsteady  motion  of  the  weapon.8-10  A  key 
element  of  the  advances  in  modeling  the  unsteady 
motion  is  the  use  of  overset  grids  (the  Chimera 
scheme,11)  to  model  components  of  the  aircraft 
and  weapons.  In  the  overset  grid  scheme,  geo¬ 
metrically  complex  domains  are  decomposed  into 
a  number  of  much  simpler  overlapping  grids.  Any 
or  all  of  the  grid  components  can  move  indepen- 
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dently  with  six  degrees  of  freedom.  Hence  for  a 
moving  body,  relative  motion  between  body  com¬ 
ponents  can  be  accommodated  without  stretching 
or  regridding  the  components  during  the  calcu¬ 
lation. 

The  Armament  Directory  of  the  Air  Force  Wright 
Laboratory  and  AEDC  have  sponsored  a  set  of 
CFD  code  validation  experiments  for  store  carri¬ 
age  and  separation.  The  test  configuration  is  a 
clipped  delta  wing  with  a  pylon  and  finned  store. 
A  representation  of  the  time  variation  of  the  sur¬ 
face  pressure  on  the  store  during  the  trajectory 
motion  is  shown  in  Fig.  6.  The  time-accurate  CFD 
solutions  were  coupled  with  a  6- DOF  trajectory 
prediction  capability  to  locate  the  store  during  the 
simulated  motion.  Currently,  similar  CFD  work  is 
underway  at  AEDC  and  is  being  extended  to  in¬ 
clude  the  relative  motion  of  a  maneuvering  air¬ 
craft  and  the  store.  By  combining  these  two  capa¬ 
bilities,  it  is  possible  to  model  store  separation 
during  a  transient  maneuver  to  determine  the 
nonlinear  effects  of  the  time-dependent  behavior 
of  the  flow  over  the  store  and  the  inertial  effects  on 
the  motion  of  the  weapon.  Results  from  such  a 
computation  could  also  be  used  to  validate  or 
refine  approximations  used  to  account  for  inertial 
and  flow-field  effects  in  current  quasi-steady  wind 
tunnel  trajectory  simulation  techniques. 

3.  PROPULSION  GROUND  TEST  AND 
EVALUATION  TECHNIQUES 

Three  major  propulsion  areas  are  directly  in¬ 
fluenced  by  the  high  maneuverability  characteri¬ 
stics  of  aircraft.  These  are  discussed  in  the  follow¬ 
ing  with  the  understanding  that  a  great  deal  of 
other  testing  is  needed  for  other  aspects  of  dev¬ 
elopment. 

3.1  Compression  System 

Probably  the  single  most  important  effect  of  high 
maneuverability  is  evidenced  on  compression  sys¬ 
tem  stability.  Many  requirements  are  placed  on  the 
inlet  system  of  a  highly  maneuverable  aircraft. 
Theso  requirements  often  result  in  conflicting  de¬ 
sign  characteristics  such  as  blunt  leading  edges 
for  angle-of-attack  capability  versus  sharp  leading 
edges  for  efficient  supersonic  operation.  Also, 
assessing  the  impact  of  aircraft  maneuverability 
oncompressionsystemstability  begins  early  in  the 
component  development  phase.  Preliminary  esti¬ 
mates  of  inlet  flow  delivery  characteristics  are 
used  to  provide  parametric  levels  of  distortion  for 
surge  margin  evaluation,  in  the  United  States, 
engine  developers  generally  follow  the  recommen¬ 
dations  of  the  SAE  ARP  1420  for  total  pressure,13 


y,  z  versus  dimensionless  time  (t  =  i  C0dt). 
S«WC!  *  0  .0132  ejector  piston  stoke-length 


time  (tp  =  yaw,  0  =  pitch,  and  <}>  =  roH) 


sionless  time. 

Fig.  6.  Time  accurate  CFD  simulation  ol  a  stora 


trajectory. to 

and  SAE  ARD  50015  for  total  temperature13  to 
provide  the  framework  for  a  comprehensive  data¬ 
base. 

While  current  methodologies  are,  in  general, 
addressed  toward  the  absolute  attitude  effects,  as 
aircraft  maneuverability  rates  increase,  the  effects 
of  the  rates  of  change  of  attitude  may  require 
investigation.  For  example, consider  the  capability 
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assumed  to  be  that  required  for  the  com- 
praaaion  component  So  complete  a  half  or  full 
revolution,  although  it  may  be  better  phy¬ 
sically  related  to  axial  throughput  rates  and 
relaxation  times  of  airflow  around  airfoils. 

Total  pressure  inlet  spatial  distortion  is  most 
often  produced  in  ground  test  facilities  using 
the  well-known  and  time-honored  mechanism 
of  screens  (Fig.  8)  with  variable  porosities 
down  to  zero  (flat  plates)  Alternatively, 
controlled  distribution  counterflowing  airjets 
have  also  been  used  to  provide  total  pressure 
(and  total  temperature)  distortion.  A  typical 
system  is  shown  in  Fig.  9.  References  15  and 
18  describe  two  such  devices. 

Engine  sensitivities  to  inlet  buzz  and  other 
discrete  frequency  pressure  phenomena  can  be 
evaluated  using  a  siren-type  pressure  fluctua¬ 
tion  generator.  A  typical  example  of  such  a 
system  is  described  in  Ref.  17. 


fig.  7.  Typical  Met  system  component  responses.  Current  practices  for  total  temperature  distor¬ 
tion  effects  are  described  in  Ref.  13.  Both  spatial 


fig.  8.  Conventional  distortion  scraens  used  in  engine  tests. 


distortion  snd  temporal  distortion  are 
treated.  The  overall  effect  of  spatial 
distortion  it  shown  to  be  equivalent  to 
a  lowering  of  the  compressor  surge 
line  while  s  temporal  distortion  moves 
the  operating  point.  Simple  linear 
superpositioning  is  recommended  for 
combined  spatial  and  temporal  tem¬ 
perature  distortions. 

A  second  significant  maneuverability 
effect  on  compression  systems  in¬ 
volves  structural  aspects.  Inlet  distor¬ 
tion  can  produce  catastrophic  reac¬ 
tions  of  compressor  blading  due  to 


of  the  aircraft  to  alter  inlet  geometry  during  an 
ettitude  transient  Typical  inlet  geometry  rates 


periodic  excitations.  An  early  example  of 
structural  effects  is  described  in  Ref.  18. 


are  shown  in  Fig.  7.  As  the  aircraft  attitude  rate 
increases,  the  ability  of  the  control  system  to  opti¬ 
mally  position  the  inlet  geometry  is  exceeded,  as 
shown  in  Fig.  7.  While  m  any  current  aircraft  simply 
preposition  the  inlet  geometry  prior  to  an  attitude 
change,  the  capability  to  more  nearly  match  inlet 
geometry  to  actual  attitude  requirements  will  be 
more  neceesary  for  future  highly  maneuverable 
aircraft. 


Assessment  of  the  impact  of  inlet  distortion  on 
compressor  structural  integrity  requires  very  fast 
analysis  capabilities.  Typically,  the  stresses  deve¬ 
loped  in  compressor  structures  are  described  by 
use  of  a  Campbell's  diagram  as  shewn  in  Fig.  10. 
Real-time  assessment  snd  evaluation  capability  is 
provided  by  dedicated  online  computers  specifi¬ 
cally  configured  to  generate  stress  data  displays 
with  no  data  gape.  The  AEDC  has  been  in  the  fore- 


A  basic  assumption  for  total  pressure  effects,  sup-  front  of  this  effort  and  has  developed  a  Computer 
ported  by  a  number  ef  experimental  studies  (*.g.,  Assisted  Dynamic  Data  Monitoring  and  Analysis 
Ref.  14),  is  that  a  pattern  which  persists  for  a  System  (CADDMAS),  which  is  shown  sche- 
spedfied  length  of  time  may  be  treated  as  a  steady-  matieally  in  Fig.  11.  A  detailed  description  of  the 
state  pattern.  Typically,  the  time  of  persistence  is  system  may  be  found  in  Refs.  19-21 . 
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Fig.  9.  Akt«<  distortion  generator. 


b.  Instated  in  afotute  lest  c«S 
Fig.  9.  Concluded. 


3.2  Exhaute  Nozzles 

Providing  adequate  forces  and 
moments  to  a  highly  maneuverable 
airtrsft  may  not  be  possible  using  only 
conventional  (or  even  unconventional) 
aerodynamic  surfaces.  Use  of  the  high 
leval  of  energy  in  the  propulsion  sys¬ 
tem  exhaust  stream  to  effect  attitude 
changes  or  to  maintain  a  particular 
attitude  is  possible  end  has  been 
demonstrated  in  recent  (light  experi¬ 
ments  (e.g.,  the  United  Stetes’  Short 
Taka-Off  and  Landing/Maneuver¬ 
ability  Technology  Demonstrator  and 
tne  multi-national  X-31  aircraft).  In 


At  an  aircraft  maneuvers  at  high  attitude 
rates,  significant  forces  are  induced  on  the 
rotor  shaft  su parting  the  compreseorfa). 
Consequent  deflections  can  alter  the  ope¬ 
rating  characteristics  of  the  comcompreseor 
if  tip  rubs  ere  experienced,  resulting  in  in¬ 
creased  tip  clearances.  Tip  clearance*  are 
also  directly  influenced  by  the  rate  of  change 
of  temperature  of  rotating  (biedes/dUk)  and 
fixed  (ease)  components.  Testing  is  typically 
done  with  conti  >)led  tip  clearances  set  by 
careful  selection  end  matching  of  com¬ 
ponents.  The  primary  influence  if  tip  clea¬ 
rance  variations  is  felt  in  compressor  surge 
margin,  although  significant  nerformarce 
changes  are  also  possible. 
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Rg.  11.  Computed  assistod  dynamic  data  monitoring  and  analysis  system. 


order  to  successfully  employ  the  exhaust  gas 
energy,  some  means  of  directing  the  resultant 
vector  is  required.  Several  vectored  thrust  con¬ 
cepts  are  being  developed,  ranging  from  two- 
dimensional  pitch  or  yaw  only  nozzles  to  adap¬ 
tations  of  existing  axisymmetric  nozzles  which  can 
vector  in  both  pitch  and  yaw  to  all-new  yaw  and 
pitch  axisymmetric  nozzles  to  externally  inserted 
paddles  which  deflect  the  engine  exhaust. 

Testing  of  nozzles  capable  of  providing  non-axial 
vectored  forces  is  required  in  three  major  areas: 

1 .  Performance  (force  vector  definition) 

2.  Operability  (controllability,  stability,  rate 
limits) 

3.  Durability  (effects  of  internal  flow  fields) 

Some  of  the  required  performance  testing  can  be 
accomplished  in  cold  flow,  scale  model  facilities. 
Further,  much  of  the  vector  definition  task  can  be 
accomplished  in  a  sea-level  test  stand.  Perfor¬ 
mance  can  then  be  compared  to  suitable  models  to 
verify  the  models*  fidelity.  The  models  can  then  be 
used  to  predict  effects  at  other  flight  conditions. 
However,  detailed  performance  assessments  of  the 
full-scale,  hot-flow  nozzle  are  also  required  at  alti¬ 
tude  conditions.  Further,  demonstration  of  the  cap¬ 
ability  of  the  integrated  propulsion  system  to  react 
the  axial  and  non-axial  forces  without  adverse 
eflectson  theother  system  components  (e.g.,  rotors, 
blade  tip  clearances,  etc.)  must  be  provided  on  the 
fuli-scale  hardware. 

Operability  assessments  are  made  using  a  com¬ 
bination  of  sea-level  and  altitude  test  facility 
capabilities.  In  particular,  the  capability  of  the  pro¬ 
pulsion  system  to  control  the  nozzle  components  at 
altitude  conditions  requires  the  use  of  cn  altitude 
test  facility.  The  interactions  of  the  nozzle  with  the 


rest  of  the  propulsion 
system  operability  must 
be  demonstrated  over 
the  full  flight  envelope. 

Most  durability  assess¬ 
ment  is  accomplished  in 
sea-level  stands.  How¬ 
ever,  a  hybrid  form  of 
test  facility  is  used  to 
augment  Accelerated 
Mission  Testing  in  sea- 
level  stands.  In  this 
form  of  testing,  condi¬ 
tioned  inlet  air  at  elev¬ 
ated  pressures  and  tem¬ 
peratures  is  provided  to 
the  propulsion  system  with  exhaust  region 
pressures  near  sea-level  values.  Nozzle  durability 
assessments  are  made  as  a  part  of  this  testing. 
Limited  durability  data  on  technical  matters  such 
as  cooling,  etc.,  are  obtained  during  the  normal 
altitude  testing. 

Testing  or  a  generic  vectoring  nozzle  in  a  sea-level 
or  an  altitude  test  facility  requires  provisions  for 
measuring  forces  in  six  degrees  of  freedom.  Many 
configurations  can  be  used  to  make  the  required 
measurements.  The  configuration  used  at  the 
AEDC  is  shown  in  Fig.  12.  As  currently  used,  the 
AEDC  multicomponent  force  stand  yields  only 
five  degrees  of  freedom,  but  can  be  easily  modified 
to  produce  the  sixth  degree  of  freedom  (yaw 
moment)  by  adding  two  load  cells  in  the  flexured 
lines  of  action  parallel  to  and  on  either  side  (>•'  the 
engine  centerline.  Care  must  be  taken  in  bringing 
engine  service  lines  on  board  the  metric  part  of  the 
stand.  In  particular,  "stifT  lines  which  must  tra¬ 
verse  the  metric  break  should  be  introduced  ortho¬ 
gonally  to  ali  desired  lines  of  force  measurement. 


Rg.  12.  Multi-component  thrust  stand. 
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b.  Schematic 
Fig.  12.  Concluded. 


In  order  to  accomplish  this,  there  are  two 
"ground  plants. "The  first  ground  plane  is  rela- 
tive  to  absolute  ground  and  applies  to  axial 
thrust  only.  Al!  other  force  measurements  are 
then  grounded  to  the  metric  part  cf  the  axial 
force  measurement  system.  The  use  of  this 
"floating  ground"  then  provides  a  path  for 
othogonal  crossing  of  all  metric  breaks. 

Collection  of  exhaust  gases  from  a  vectoring 
nozzle  poses  a  challenge  for  both  sea-level  and 
altitude  standi.  Most  sea-level  stand*  have 
existing  noise  limitations  requiring  the  use  of 
acoustic  silencers.  In  general,  the  silencers 
roust  be  somewhat  larger  than  axial  flow 
collectors  and  have  adequate  protection  from 
exhaust  gas  impingement  Similarly,  altitude 
test  facilities  must  also  collect  the  exhaust 
gases,  usually  with  more  stringent  space  re¬ 
quirements.  AEDC  uses  a  nen-preseure  re¬ 
covery,  very  large  collector  concept  with  poai- 
tionable  doors  to  eliminate  undesirable  recir¬ 
culation  ofgasec  into  the  test  call  as  shown  in 
Fig.  13.  Tht  particular  system  shown  is  also 
capable  of  accommodating  reverse  flow  from  a 
two-dimensional  .loxzls. 

Integrated  Propulsion  System 

The  above  testing  is  focused  on  evaluation  of 
critical  compr.nenta  within  the  propulsion  system 
and.  Indeed,  within  the  engine.  Integrath"  of  such 
component  work  has  been  achieved  in  pvut  deve- 
lopments  by  a  combination  of  analytical  and 


a.  Photograph 

Fig.  13.  Exhaust  gas  management  system  for  vectored 
thrust  systems. 


empirical  techniques.  However,  the  demanding 
requirements  of  highly  maneuverable  aircraft  are 
resulting  in  a  more  integrated  form  of  testing.  Two 
specific  areas  which  are  currently  within  the 
testing  state  of  the  art  are  engine  mechanical 
loading  resulting  from  maneuvers  and  full-scale 
inlet-engine  compatibility  assessments. 
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b.  Schama  tic 
Rg.  13.  Concluded. 

Mechanic*!  loads  are  imposed  on  engines  by  both 
the  sustained  g-loads  encountered  during  mane¬ 
uvers  and  by  gyroscopic  moments  resulting  from 
maneuvers.  A  pivoting  test  bed  capable  of 
inducing  gyroscopic  load  exists  at  the  Center  d’ 
Esso  is  des  Prcpulseurs  in  France.  A  centrifuge- 
mounted  engine  test  facility  exists  at  the  U.  S. 
Navy’s  Lakehurst  Facility.  Although  both  of  these 
facilities  are  available  for  test,  systematic  use  of 
these  facilities  for  highly  .maneuverable  aircraft 
propulsion  testing  is  not  currently  made. 


Inlet-engine  compati¬ 
bility  of  the  near-final 
configuration  aircraft  is 
required.  Ground  test 
capabilities  for  these 
types  cf  tests  fall  into  two 
areas:  propulsion  wind 
tunnels  and  freejet  faci¬ 
lities.  A  comparison  of 
the  relative  characte¬ 
ristics  of  the  two  techni¬ 
ques  is  shown  in  Fig.  14, 
and  typical  installations 
are  shown  in  Figs.  15  and 
16.  The  two  techniques 
are  complementary,  as 
shown  in  Fig.  14.  The 
flow  quality  of  the  pro¬ 
pulsion  wind  tunnel  is 
generallysuperior  to  that 
of  the  freejet.  However,  for  instances  when  the 
flow  field  at  the  engine  face  for  an  aircraft  is 
dominated  by  internal  viscous  effects  such  as 
shock-boundary  layer  interactions,  the  use  of  a 
freejet  may  be  more  effective  for  evaluation  of 
extreme  attitude  operation.  This  is  the  result  of 
the  inherent  limitations  of  attitude  for  full-scale 
test  vehicles  in  existing  wind  tunnels.  For  opera¬ 
tion  at  lower  altitudes,  the  superior  flow  quality  of 
the  propulsion  wind  tunnel  may  make  the  use  of 
the  wind  tunnel  more  effective. 
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Fig.  14.  Comparison  of  propulsion  wind  tunnef  and  freejet  test  facSties. 
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Fig.  15  Full-scale  inlet/engme  configurai.on  in  the 
transonic  wind  tunnel 


4.  AN  KMKRGING  INTKGKATKD 
TKST  AND  KVALUATION 
MKTHODOLOGY 

Tiadilionaliy.  i he  development  of  the 
airframe  and  propulsion  system  are 
done  independently  and  sequentially 
as  suggested  in  Kir  17  Wind  tunnel 
tests  are  performed  to  determine  aero 
dynamic  forces  and  moments  and  in 
let  nozzle  performance  character: 
sties  The  inlet  distortion  informal  ion 
is  pass, -o  on  to  the  engine  test  facility 
and  the  engine  is  operated  with  a  pre 
scribed  distortion  pattern  Some  time 
la'er,  the  engine  performance  over  a 
range  of  operating  parameters  is  in¬ 
cluded  in  the  so  called  "engine  deck." 
which  l'  a  semi  empirical  model  of 
the  engine  Still  later,  the  engine 
model  is  incorporated  with  the  aero¬ 
dynamics  -  d  avionics  in  a  simulator  to  establish 
the  performance  of  the  aircraft  Literally  years  are 
required  to  determine  the  integrated  aircraft. en¬ 
gine, avionics  performance  and  ’hen  it  is  difficult 
to  modify  the  vi  hide  to  try  to  gain  more  perfor 
niance  With  the  trend  toward  moie  closely 
coupled  subsystems.  ,uch  a  sequential  engineer¬ 
ing  process  is  lengthy,  expensive  and  could  pro 
duce  a  suboptimum  system 

Recognizing  recent  advances  in  dynamic  data 
reduction  and  analyst  techniques  and  the  utility 
of  CKO  as  a  diagnostic  tool,  an  integrated  cm 
ginc/airframc  av ionics  simulation  has  been  pro 
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gine  face.  By  analyzing  'he  streamlines 
in  reverse,  one  could  determine  the 
origin  of  the  distortion.  Subsequently, 
the  aircraft  model  could  be  modified  and 
the  process  repeated  until  the  desired 
performance  is  obtained.  Hence,  opti¬ 
mum  integrated  performance  could  be 
obtained  in  months  with  this  systems 
approach  as  compared  to  years  with  the 
traditional  sequential  method. 
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Fig.  18.  A  concept  for  "Real  Time" 
system  optimization. 


airframe/propulsion 


mnmcjm  NEFEIENCE  Although  the  proposed  scheme  appears 

PLANE  P  IMPULSION  (EiMtNCWE  MODEL  very  complex,  each  of  the  individual 

ON  “  |  technologies  required  exists  and  has 

CfO  DISTONTION  DATA  —  been  used  independently.  New  high- 

r  ""***  a  f  | - — •  speed  data  acquisition  and  reduction 

systems  make  it  possible  to  obtain  the 

_ _ dynamic  date,  at  the  engine  face  in  a 

Fig.  18.  A  concept  for  "Real  Time”  airframe/propulsion  simulated  inlet  and  define  thedistortion 
system  optimization.  within  a  minute.  Air  jet  distortion 

generators,  as  shown  in  Fig.  9,  or  mech- 
pose.i.22  A  schematic  of  the  proposed  concept  is  anical  distortion  devices  as  developed  at  the 
shown  in  Fig.  13.  Suppose  that  a  model  with  Central  Institute  of  Aviation  Motors  in  Russia  are 
remotely  actuated  control  surfaces  suitable  for  capable  ofreproducinga  desired  distortion  pattern 
captive  motion  simulation  is  in  ore  wind  tunnel  within  minutes  after  the  pattern  is  identified  in 
and  an.  instrumental  I  inlet  model  of  the  vehicle  is  the  wind  tunnel.  The  ability  to  include  the 
in  another  wind  tunnel  (not  necessarily  in  the  installed  engine  performance  with  the  aerodyna- 
same  teat  complex)  whiie  the  engine  is  in  an  mics  to  simulate  a  maneuver  in  the  wind  tunnel 
altitude  test  cell.  Inlet  distortion  data  measured  in  was  demonstrated  earlier  in  this  paper, 
the  wi  -i,  tunnel  can  be  reduced  and  analyzed  in 

minutes  and  transmitted  to  the  engine  facility,  In  addition,  major  advances  in  CFD  have  been 
where  an  i  -.'let  distortion  generator  can  simulate  made  for  simulating  complete  aircraft  at  high 
the  desired  distortion  pattern.  Within  minutes,  the  angles  of  attack.  An  example  from  Ref.  23, 
integrated  engine  performance  can  be  determined  showing  the  flow  solutions  for  the  F-18  at  high 
and  included  in  e.  6-DOF  Right  performance  model  angles  of  attack  is  shown  in  Fig.  19.  The  flow  was 
including  the  control  system. 

The  combined aerodynamic/avio-  INSTANTANEOUS  SURFACE  STREAr.lLiNES 

nice/tropulsior  model  can  then 

be  used  with  the  othc -  wind 

tunnel  model  to  "fly"  maneuvers  — 

in  the  wind  tunnel  using  the  . 

captive  motion  technique  acs-  "  * 30 

c::ked  in  Section  2. 

With  such  an  integrn*cd  test  and  ' --- 

analysis  approach,  one  can  ob- 

tain  in  near-real  time  (real  time  ' 

here  may  be  measured  in  days)  s. , . 

feedback  on  the  integrated  par- 

formar.ee.  if,  for  example,  the  '»,^|L 

inlet  distortion  degraded  t.hs  on-  u  .  45 

gine  ^sponse  such  tnat  the  de-  y 

sired  aircraft  performance  was 

not  met,  one  could  then  use  CFD  \wB 

as  i  diagnostic  tool  by  aimu- 

lating  the  flow  over  the  forebc-dy  _ 

and  through  the  inlet  to  the  on-  h|9’  13-  Instantaneous  surface  f.ow  paterns  on  the  F-18  at  jC  and 

45  deg  angle  of  attack.?!’ 
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modeled  with  the  thin-layer  Naver-Stokea  equa-  assist  in  improving  the  integrated  performance  of 
tions.  Comparisons  of  the  calculated  forebody  a  vehicle  during  development, 
surface  pressure  distributions  with  those  measured 

in  flight  are  presented  in  Fig.  20.  Flow  separation  Currently,  AF,DC  is  undergoing  a  developmental 
and  LEX  vortex  breakdown  phenomena  are  cap-  simulation  of  this  integrated  concept  by  using 
trned  in  the  solutions.  existing  data  measured  in  traditional  sequential 

tests.  Although  such  an  integrated  approach  using 
Similarly,  a  Naver-Stokea  *  ItiHon  of  supersonic  multiple  test  facilities  simultaneously  could  be 
flow  over  the  forebody  of  an  F-18'J  aircraft  is  dis-  difficult  to  schedule  And  expensive  to  perform, 
cussed  in  Ref.  24.  The  solution  successfully  modeled  such  an  approach  could  literally  reduce  tho  overall 
the  macs  flow  rates  through  the  bleed  zone  of  the  development  time  for  the  aircraft  by  years  while 
inlet,  the  operating  mass  flow  ratio,  the  total  providing  a  more  optimum  integrated  vehicle, 
pressure  recovery  at  the  aerodynamics  interface 

plane  (AIP),  and  the  inlet  distortion  parameters  at  6.  CONCLUDING  KEIV.'ARKS 

the  AIP.  A  comparison  of  the  predicted  total 

pressure  recovery  at  the  AIP  with  wind  tunnel  Development  testing  of  highly  maneuverable  air- 
measurements  is  presented  in  Fig.  21.  Included  In  craft  in  ground  test  facilities,  wind  tunnels,  and  pro- 
Fig.  21  is  a  table  of  recovery  and  distortion  indi-  P”1*1™  cell*  presents  added  complexities  and 
caters  at  the  AIP.  Clearly,  such  a  CFD  compute-  challenges  over  and  above  more  conventional  air 
tion  would  provide  an  excellent  diagnostic  tool  to  cr*^- 
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There  are  many  available  tools  to  bring  to  bear 
upon  the  problem.  The  baseline  for  most  of  these 
tools  :.s  embodied  from  their  uso  in  development 
testing  of  the  more  conventional  fighter-type  air¬ 
craft  such  as  the  F-15  and  F-16.  Until  now, 
airframe  and  propulsion  systems  development 
generally  has  been  done  independently  on  parallel 
paths  but  accounting  for  the  influence  of  external 
aerodynamics  on  the  propulsion  system  and  jet 
effects  on  the  external  aerodynamics.  High 
maneuverability  requires  aircraft  to  be  subjected 
to  large  acceleration  loads  and  dynamic  flow 
phenomena  which  may  not  be  adequately 
captured  in  conventional  steady-state  testing 
techniques.  There  are,  however,  some  promising 
axenues  of  testing  which  can  be  undertaken  to 
accelerate  the  aircraft  development  process  while 
at  the  same  time  dealing  with  a  more  complex 
development  testing  process. 

Simulated  Aircraft  Motion 

By  using  a  technique  of  small  time  increments, 
experimental  evidence  suggests  that  aircraft 
motion  can  be  well  simulated  in  the  wind  tunnel 
as  long  as  model  scale  and  tunnel  effects  are 
secondary  and  the  cross  coupling  and  acceleration 
derivatives  are  small. 

Weapona  Separation 

Current  wind  tunnel  test  techniques  do  not  i  .  .- 
late  both  the  accelerations  of  the  parent  aircraft 
and  the  weapon  on  separation.  Only  the  separa¬ 


tion  of  an  accelerating  weapon  is  currently  simu¬ 
lated.  A  suggested  approach  is  to  combine  a  CFD 
solution  with  appropriate  wind  tunnel  data  to 
solve  the  equations  of  motion  and  predict  the  wea¬ 
pons  separation  trajectory. 

Aeropropulsion 

The  effects  of  attitude  of  the  incoming  flow  upon 
the  compression  system  stability  is  currently  in¬ 
vestigated  routinely.  Real-time  rate  of  change  of 
attitude  generally  is  not  simulated,  and  these 
effects  requite  investigation  along  with  techni¬ 
ques  for  accomplishment.  The  capability  for 
testing  of  engines  with  vectoring  nozzles  currently 
exists  in  the  AEDC  ASTF.  Also,  a  new  capability 
exists  to  a  test  full-scale  combined  inlet  and 
engine  at  subsonic  flight  Mach  numbers. 

Integrated  Test  and  Evaluation 

Currently,  the  development  of  the  airframe  ar.d 
propulsion  system  are  done  independently  and 
sequentially.  This  process  literally  takes  years  to 
develop  a  new  aircraft  system.  It  is  entirely  con¬ 
ceivable  to  think  in  terms  of  simultaneously  and 
interactively  performing  airframe  and  inlet 
testing  in  the  wind  tunnel  along  with  the  engine 
test  in  the  propulsion  test  cell.  A  perfected  process 
along  these  lines  is  envisioned  to  cut  months  to 
years  off  the  aircraft  system  development  time 
and,  consequently,  the  development  cost,  and 
reduce  retrofit  problems  post  development. 
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IHPTET  I*  the  Integrated  High  Performence  Turbin e 
Engine  Technology  Initiative.  TW»  paper  discus#*# 
the  purpoee  (background,  goaf*  and  application*) 
and  to*  progra**  of  IHPTET.  IHPTET  Is  30% 
compute  and  achieving  significant  success  In 
advancing  turbine  engine  technology  levels.  The 
future  ot  IHPTET  Is  bright  IHPTET  developed 
technologies  are  being  applied  to  both  military  and 
commercial  turbine  engines  -  both  new  engines  and 
fleet  modernization's.  IHPTET  Is  ihe  technology 
base  for  all  future  military  systems  and  the 
springboard  for  many  new  commercial  engines. 

2.  IHPTET  PURPOSE 
2.1  Background 

IHPTET  Is  a  coordinated,  f  xee-phase,  Government 
and  Industry  visionary  Initiative.  Formally  Initiated  In 
1987,  IHPTET  Includes  virtually  all  government  and 
Industry  sponsored  propulsion  Research  and 
Development  (R&D)  activities  devoted  to  advancing 
technology  (or  military  turbine  engines.  The  goal  ot 
IHPTET  Is  to  develop  and  demonstrate  technologies 
by  the  turrvol-the-century  that,  when  applied,  wW 
double  a  1985  level  ol  turbopropula  Ion  capability. 
The  technologies  of  IHPTET  offer  significant  payoff 
when  applied  to  any  propulsion  system. 

Under  IHPTET  there  exists  one  IHPTET  government 
ptan  and  seven  individual  Industry  plane,  coordinated 
among  th*  Department  ot  Defence  (DoD)  M'rttery 
Services  -  Army.  Navy,  Air  Force;  the  Advanced 
Research  Projects  Agency  (ARPA);  and  the  National 
Aeronautics  and  Space  Administration  (NASA).  The 
structure  ot  the  IHPTET  program  Is  shown  In 
Figure  1. 

Figure  1 
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A  DoD  chaired  Steering  Committee  provides  overall 
IHPTET  guidance.  The  seven  US  turtle  engine 


companies  participating  In  IHPTET  are  Ailed  Signal 
Propulsion  Engines  (Garrett);  Alison  Gas  Turbina; 
General  Electric;  Pratt  and  Whitney;  TeUdyne,  CAE; 
Textron  Lycoming;  and  Wiliams  International. 

These  companies  form  an  Industry  Panel  that 
advises  the  Steering  Committee  on  specific  Issues. 

In  addition,  there  are  seven  Component  Panels 
(compressors,  combustors,  turbines,  nozzles, 
controls,  mechanic*]  systems  and  technology 
demonstrators)  and  three  Pervasive  Technology 
Panels  (matsrlals,  Computational  Fluid  Dynamics 
(CFD)  and  angina  structures)  that  oversea  the 
technology  planning  and  development  In  each  area. 
Every  panel  has  membership  from  each  of  the 
services  and  Is  chaired  by  one  service  individual. 
Each  IHPTET  technology  Is  developed  Individually  or 
Jointly  to  the  agreed  upon  plan  by  one  or  more  of  the 
five  IHPTET  government  organizations.  Biannual 
reviews  are  held  by  the  Steering  Committee  where 
the  progress  and  problems  of  each  technology  area 
are  reviewed.  Through  this  process.  IHPTET  Is 
successfully  meeting  the  technological  challenges  ot 
Phase  I  and  working  on  the  critical  path  technologies 
of  Phase  II. 


2J.  Goals 

Payoff*  from  IHPTET  com*  from  Increasing 
propulsion  system  performance  and  affordability  with 
no  compromises  In  system  Ms,  reliability  and 
maintain*  b*ty,  To  tocu*  th*  Initiative  on  these 
payoffs,  IHPTET  management  established  specific 
goals  as  a  function  ot  time  for  each  of  th*  torse 
aircraft  turbtn#  angina  dasaas  -  turbof  arVturbojet, 
turboehafWurtwprop,  and  expendable.  Shown  In 
Figure  2  are  the  time  phases  of  IHPTET.  These 
goals  were  choeen  as  having  th*  highest  effect  In 
maximizing  payoff  to  mllttary  system*.  Th*  tor*# 
IHPTET  phase*  shown  In  Figure  2  war#  crested  to 
provide  mUeetones  against  which  to  assess 
progress,  and,  most  Importantly,  to  provide 
opportunity  tor  transition  to  currant,  upgrade, 
derivative  and  new  engines. 

Th#  IHPTET  goals  tor  each  ot  th#  three  phases  are 
shown  In  Table  I  and  are  based  on  a  1985 
technology  level.  They  ars  Typical’  technology  goals 
lor  j«ch  das*  of  angina  (do  not  Interpret  then,  as  a 
specific  'engine  cycle'  description).  Through  to# 
achievement  of  these  goals,  IHPTET  wilt  provide 
technology  tor  propulsion  systems  toat  are  lower 
cost,  lighter  weight  and  easier  to  melnteln  than 
today's  systems,  yet  can  fly  faster,  higher,  and  with 
Increased  ...rwuverablllty. 

Through  toe  development  end  validation  of  IHPTET 
technologies,  mejor  payoffs  to  milfery  systems  wtll 
occur.  These  modernized  Mgh  performance  military 
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aircraft  wfi  supply  Sis  affordable  battla  field 
advantage  -  tow  fual  bum  slowing  long* 
missions;  high  thrusl-to-welght  aftowlng  larger  pay 
toads;  tow  maintenance  and  support  In  the  Held 
yMdtog  higher  sorts  rates;  and  exceea  specific 
power  during  critical  flight  maneuvers  -  the  air 
superiority  adventagel 

It  should  be  noted  that  the  IHPTET  goals  are  not 
considered  to  be  achieved  untX  the  enablng 
technotoglee  have  been  assembled  and  tssted 
under  actual  engine  conditions  In  an  engine 
demonstrator  (core  or  ful  engine  configuration)  - 
commonly  caXsd  a  Tech  Demo."  The  progression 
of  test  valuation  of  IHPTET  technologies  Is  shown 
In  Figure  3.  Under  IHPTET  sponsorship, 
technologies  mature  at  a  component  level  untX 
ready  tor  evaluation  In  dedicated  rig  testing.  Ths 
primary  IHPTET  compressor  test  fsdity  Is  the  Air 
Force's  Compressor  Research  FacIHty  (CRF),  The 
newest  IHPTET  test  facility,  the  Advanced  Turbine 


Aerothermal  Research  Rig  (ATARR),  Is  dedtoatsd 
tc  turbine  research  and  also  belongs  to  ths  Air 
Force.  The  best  and  most  promising  technologies 
that  successfully  complete  testing  in  rigs  Ike  CRF 
and  ATARR  are  further  assembled  Into  Tech 
Demoe  and  evaluated  for  synergistic  problem.  AX 
Tech  Demo  testing  Is  done  with  significant 
amounts  of  Instrumentation.  Typically  over  1000 
places  of  Instrumentation  are  used  on  a  single 
Tech  Demo  tee*  with  the  majority  of  the  tasting 
done  at  aea  level  conditions.  The  major  workhorse 
demonstrators  for  turbofsrvjet  engines  ere  the 
Advanced  Turbine  Engine  Qas  Generator 
(ATEGG)  corn ;  and  Joint  Technology 
Demon  strata  Engine  (JTDE).  For  turbo  shart/prop 
engines,  the  d.  tstrators  are  the  Joint  Turbine 
Advanced  Gas  L  erator  (JTAGG)  cores.  Missis 
engine  technolog,  a  demonstrated  In  the  Joint 
Expendable  Turbine  Engine  Concept  (JETEC) 
engines.  Upon  successful  completion  of  Tech 
Demo  evaluation,  technologies  are  typically 


IHPTET  Time  Phases 
Figure  2 
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IHPTET  Progression  of  Tost  Validation 
Figure  3 
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IHPTET  Goals  by  Phase 
Table ! 


PHASE 1 

PHASER 

PHASE  IN 

TURBOFAN / TURBOJET 

THRUST  /WEIGHT 

+30% 

+60% 

+100% 

COMBUSTOR  INLET  TEMP 

+100°F 

+200°r 

+400°f 

MAX.  TEMP  (TYPICAL) 

+300°F 

+800°F 

+900° F 

TURBOSHAFT  /  TURBOPROP 

SFC 

-20% 

-30% 

-40% 

POWER /WEIGHT 

+40% 

+80% 

+120% 

MAX.  TEMP  (TYPICAL) 

+300° F 

+600°F 

+1000°F 

EXPENDABLE 

SFC  (STRATEGIC) 

-20% 

-30% 

-40% 

THRUST  /  AIRFLOW 

+35% 

+70% 

+100% 

COST  (TACTICAL) 

-30% 

-45% 

•80% 

COMBUSTOR  INLET  TEMP  flYPICAL) 

1100°F 

1200°F 

1400°F 

MAX.  TEMP  (TYPICAL) 

+500°F 

+900°F 

+1400°F 

matured  to  toe  (aval  nacaaaary  for  system 
SaneWon.  Many  ttmaa,  tachnofogtaa  that  ara  tearfad 
In  lha  Tach  Damo  are  found  to  be  lacking  the 
quantise  necettary  to  coctfcioe  further 
development  and  ara  returned  to  a  component  rig 
tor  further  evaluation  and  correction.  Thu*  tie 
progression  ol  tettng  can  be  cycle  In  nature 
between  rig  evaluaton  and  Tech  Damo  tasting. 

7  1  ApplU-^Wf 

The  IHPTET  progrtm  vras  eetetrfbhed  during  the 
middle  1980's  to  be  tie  'technology  springboard’ 
tor  the  next  century’s  high  performance  njwtary 
turbine  engines.  The  main  thrust  of  IHPTET  was 
focused  during  this  Sme  period  on  a  wide  spectrum 
ol  new  systems,  and  success  In  UPTET  would 
assure  continued  US  air  superiority  over  any  new 
aggressor  system.  A  second  thrust  erf  IHPTET  was 
the  systemalc  spto-off  o(  technology 
advancements  for  modernizing  the  current  fleet  of 
aircraft  engines.  This  opportunity  oocurs  primarfy 
at  the  end  ot  each  Tech  Demo  test 


The  major  areas  of  focus  for  technofcgy 
application  under  IHPTET  started  ea  end  oondnuee 
to  be  the  achievement  of  *'  jrdeble  thrust-to- 
welghf  end  power-to-welght  growth,  lower  foal 
consumption,  decreased  (low  observable)  engine 
signature.  Increased  repairablflty,  operability  and 
maintainability  and  decreased  acquisition, 
operation  and  support  costs.  In  Tie  men-ralsd 
turboiarvtubojet  arena  tor  example,  the  payoff 
gained  by  ihe  achievement  ol  the  IHPTET  goals  Is 
providing  the  technotoglee  for  upgrade  and  growth 
F-15  end  F-16  ak  craft  englnee  (F100  end  F1 10 
engine  femflles),  as  well  as  provide  the  technology 
base  for  the  new  F-22  Advanced  Tscflcal  Fighter 
(ATF)  engine  (F1 19). 

The  dlsmantflng  of  Ihe  Warsaw  Pact  created  toe 
need  to  rethink  many  of  toe  US  rnWtary  Science 
and  Technology  (SST)  plant,  Including  IHPTET. 


What  it  teen  now  by  top  command  offtdais  Is  a 
drfminiihing  neea  to  develop  new  high  performance 
aircraft  to  overcome  new  aggressor  advancements 
and  an  Inctaetlng  need  to  modernize  the  fleet  of 
current  systems.  The  focus  o'  SAT  is  now 
changing  to  be  mere  evenly  spft  between  creating 
new  systems  and  upgrndfog  existing  ayrtems.  The 
new  systems,  when  needed,  wtl  be  developed  In 
minimum  numbers  and  be  replacements  for  neer- 
obeofjse  aircraft.  They  wK  be  baaed  on  the  beet, 
affordable  technology  aveleble  at  key  points  in  the 
development  process.  The  second  focus,  that  of 
modernizing  to*  current  fleets,  wfl  also  use  toe 
beet,  affordable  technology  but  wtl  be  dkeciad  at 
spedffc  angina  components  combinsd  to  form 
'upgrade  kite.*  The  new  US  mUtary  force  stucture 
erf*  rely  on  a  combination  of  these  high  quality, 
lechnoioglcelty  advanced  systems  to  cope  wftti 
regional  threats.  The  major  objectors  of  this  new 
trend  le  to  oon&iue  a  high  quatoy,  high  readiness 
force  to  poriorm  regional  operations  flke  Desert 
Storm  at  a  minimum  coal  The  Gulf  War  proved 
tost  air  superiority  Is  a  result  of  superior  training 
and  technotogfcaly  advanced  waapona.  Both  of 
which  ere  eeeenflel  for  minimizing  caeualtfee  end 
lengto  of  oonflfct  For  toe  new  SAT  plans,  IHPTET 
rtmalne  the  answer  tor  all  turbine  engines.  Thiele 
due  to  toe  original  b'-tod  applies  flor.  (non  system 
specific)  focus  of  irtPTET  technology  planning  wSh 
many  spin-off  opportuntflee  to  s  wide  spectrum  of 
aircraft,  rotef  craft  and  mfteHe  uses. 

The  technologies  being  developed  under  IHPTET 
lit  naturally  tots  redefined  SAT  role  In  meeting  toe 
vrfder  DoO  objectives.  The  IHPTET  program  Is 
providing  the  foundation  for  retaining  toe  affordable 
air  superiority  advantage  sought  b>  the  new  Air 
Force  strategy  of  Global  Reach  •  Globe)  Power. 
The  IHPTET  plan  Is  to  continue  to  provide  enebflng 
technology  for  affordable  upgrades  of  toe  exMng 
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angina*  and  tho  tachnoiogy  bos*  for  aJ  new  angina* 
of  the  future.  The  result  of  Malong-tarm  view  I*  that 
IHPTHT  vnf*  prodoc*  tha  tachnoiogy  to  equip  ha  next 
century  paaca  keeping  fore*  with  affordabia,  superior 
systems.  A*  dafanaa  draw-down  continue*  and 
waapon  *y*t*m  acquisition  starts  to  b*  bo  sad  on 
saiadlva  upgreda*  and  naw  angina  low-rat* 
production  wfti  a  continual  Insertion  of  advanoad 
tachnoiogy,  tha  applcatton  for  HPTET  tachnoiogy 
wM  Incraoa*  proportionately. 

aJMEglEBaflBBtt 
3.1 8totw.9t.Qg»i  Aritimmanl 

HPTET  >4  ovar  30%  oompfala  end  has  achieved 
me  (or  s'jccetsl  Plgura  4  show*  tha  extant  of  Phase  I 
goal  accompishmant  for  each  engine  das*. 


IHPTET  Phase  I  Statue 
Figure  4 


As  saan  In  Figure  a.  tha  goals  are  achieved  for 
expandable  angina  and  turbopropfturboshaft  angina 
dassas;  but  for  the  turbofan/turbojot,  mors  work  is 
needed.  Tha  tachnoiogy  that  slowed  the 
achievement  of  the  turbofan/turbojat  goal  canter*  on 
malarial  maturity  fer  tha  high  temperature  rotating 
strudur*  at  the  discharge  and  of  tha  corrpreeaor. 
What  Is  lacking  la  final  development  ol  c  fuff  life,  low 
density  material  system  capable  of  enduring  the  high 
combustor  Wat  temper atura  (T3)  goal  conditions. 
Significant  progress  Is  being  mad*  on  the  class  of 
metarials  that  will  meat  this  need  and  once  tha 
material  !s  fufly  characterized,  the  turbofan/turbojat 
goaJt  wll  be  achieved.  The  goals  of  Phase  1  for 
turbofanfturbcjst  will  be  met  In  the  next  engine  last. 
Wisely.  IHPTET  management  did  not  wait  unt#  at!  of 
Phase  I  to  be  completed  prior  to  Initiating  the  king- 
lead  critical  path  technologies  of  Phase  II.  As  a 
result,  the  Phase  II  technologiee  are  becoming  wen 
eetsMshad  ard  on  schedule  for  oemonetratfon  by 
1997. 

32  Httaadno  larrhH  i  .lo.  Are  ttrtaretLcl  MPIET 
The  lliree  main  etamvrrts  of  IHPTEr  ,ira  (1) 
development  and  application  of  advanced 
aerodynamic  and  thermodynamic  models  and 
theories.  (2)  creation  of  tnnovafy*  structural 
designs,  snd  (3)  davelopmerl  a.td  application  of 
advanced  Wgh  strength,  low  density  malerials.  The 


bast  combination  (different  for  each  company)  of 
that*  three  atsmanta  focused  on  the  goals  of  Tabt*  I 
is  tha  IHPTET  Wtfstiv*.  The  major  problem  now 
being  faced  la  keeping  Industry  cantered  on  eariy 
acceptance  and  application  of  thaaa  newer  IHPTET 
•dvancamants  V)  an  affordabltty  driven  market 
economy.  Tha  ctfficuity  stem*  from  tha 
Government's  need  to  keep  an  Industrial  defense 
base  aUv*  over  a  long  period  of  declining  budgets 
and  low  levels  of  production  and  yat  capable  of  short 
node#,  ful-scala  production  on  IHPTET  materials 
and  InnovaSv*  designs.  The  benefits  of  several  new 
IHPTET  Innovations  can  be  seen  In  Figures  Sa,  b,  c 
and  d.  As  shown  In  Figure  5a,  tha  application  of 
kmovattva  designs  snd  advanced  high  strength,  low 
density  material  Is  key  to  IHPTET  long-term 
success.  These  advancements  offer,  for  example, 
the  potential  to  reduce  a  compressor  rotor1*  weight 
70%.  This  Is  accomplished  through  the  application  of 
advanced  material*  to  advanced  designs  Including 
Integral  Blada/Dtsk  Rotor*  (IBR  or  BUSK),  hollow 
airfoils  and  composite  spacers  (Figure  5c)  and  ring 
rotors  (Rgur*  Od).  Tha  final  Phase  III  compressor  Is 
envtslonad  to  be  mad*  entirety  of  advanced  Mata) 
Matrix  Contposlt*  (MMC)  materials  and  be  only 
composed  of  ring  type  structure.  The  primary  need 
for  these  new  materials  and  Innovatlvs  designs  Is 
center  ad  on  tha  compressor's  need  for  high 
rotation*!  speeds  to  taks  fu*  advantage  of  the 
advancements  In  IHPTET  aerodynamics  In  Ihe  blade 
rows,  tf  the  rotor  had  to  be  coostuctad  ol 
conventional  materials,  the  design  would  require  fufl 
webs  and  bores  on  each  rotor  stag*.  This  wo/d 
result  In  a  heavy  and  lengthy  rotor.  For  comparison, 
a  conventional  rotor  was  designed  to  meet  the 
rotational  spaed  requirements  of  an  IHPTET 
configuration,  but  constructed  from  conventional 
nickal-basad  alloys.  Tha  rasuft  of  this  design  effort 
Is  shown  In  Figure  5b  as  til*  BasaOna  1985 
Tachnoiogy  Compressor.  Using  this  base  design, 
tha  major  IHPTET  compressor  technologies  were 
added  to  the  design  with  !h*  results  os  shown  In 
Figure  5a 

BgutwS* 

Baoaftta  of  Innovativ*  Daafgn  and  Advanced 
Masartala  to  a  Compraaaor  Rotor 
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The  technologies  shown  in  Figure  5*  can  be  used 
Independently  or  bundled  together  to  IrtcreaM  the 
periomwtea  attributes  of  a  chosen  design 
appKcatSon  -  new  or  upgrade  component  or  engine. 


Each  of  toe  technotoglee  In  Figure  5c  liee  been  teeted 
successfully  ir.  a  Tech  Demo.  In  addttton.  Figure  6 
shows  an  IHPYET  ring  rotor  that  we*  teeter. 
suecesvfuSy  In  e  recent  core  engine  Tech  Derr.o. 
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Figure  5to 

BaeeMni  1M3  -  AM  Nfctuf  Compr»Mor 

Ml 

Figure  5c 

AddWon  of  Composite  Spacer*  end  Blades 
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Figure  5d 

A  dJ  It  Ion  of  MMC  Ring*  to  the  Rotors 


Advanced  MMC  Reinforced  Rtng  Rotor 


M  Afferd^Rtv  -A  Reduced  Cost  Approach 
A  perceived  problem  trftit  several  HPTET  technologies 
centers  on 'affo'debUty."  Metal  matrix  composite 
materiel  Is  a  prtoie  example.  The  problem  with  to* 
MMC  dase  of  materials  is  that  they  are  process 
sensitive  and  currently  expense#  'o  monutadurs. 
Inspect  and  rapalr.  At  best,  only  a  Tear  production"  oi 
toes#  daeeea  of  malarial  w*  be  avzlebte  for  a  data 
baaa  If  Stay  remain  only  sppScabie  to  advanced 
rnUtary  system.  A  soluSon  to  (Ns  problem  It  the 
broadening  of  the  production  base  for  MMC  and 
Caramlc  Matrix  Compoalta  (CMC)  data  materials  by 
broadening  toe  non  mBtery  market  application.  The 
Organic  Matrix  Composite  (OMC)  Industry  k.  a  prim# 
example  of  how  to  tower  the  cost  and  Increeoe  the 
knowledge  base  on  a  new  material.  This  industry 
created  a  need  for  the  material  system  by  applying  the 
technology  to  sports  equtpmant,  automotve  equipment 
and  nome  products.  Vrtth  toll  broadened  base  for 
protection  and  broadened  demand  tor  tie  material,  to# 
price  cam#  down  and  tha  qualty  went  up.  HPTET 
management  la  trying  to  encourage  the  asme  success 
pained  by  the  OMC  Industy  by  broadening  the  need 
lor  MMC  and  CMC  malarial  systems.  Thus  far.  some 
Srrtted  success  Is  being  achieved  with  application  to 
racing  car  components  and  gorf  dubs  wkh  mors 
commardei  applications  anticipated  In  toe  near  future. 

HPTET  management  Is  also  trying  to  Increase 
affords  bitty  of  tochnoioglee  more  globally  trough  toe 
encouragement  of  teeming  and  toe  formeton  of 
Industry  consorts.  The  Intent  oftheoe  actions  Is  to 
minimize  toe  cost  and  maximize  to#  production 
knowfedge  of  technology  through  data  sfsetng.  The 
action  toksn  tout  far  has  been  toe  formation  of  joIrtWy 
sponsored  research  consorts  and  funding  teamed 
contractor  Tech  Como  ‘eating  efforts. 

Figure  7 

Medal  of  an  HPTET  Consortium 
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Th#  ounant  IHPTET  contort*  ara  touted  co 

(1)  forced  raepona#  prediction  inatood*  and 

(2)  ttbar  davatopmar*  for  advanced  MMC  and  CMC 
material.  Th*  consortium  (deal*  shown  In 
Figure  7  using  to*  Forcad  Reopen**  Conaortum 
a*  an  example. 

IHPTET  consortium  ara  stoidurad  wrftfi  an 
organization  (In  tNa  caaa,  Camegte  Melon  and 
Purdu#  UnlvanWac)  aa  th#  Integra  «r>g 
subcontractor.  Each  member  ol  th#  ooosortum 
contribute*  raaourcaa  at  varying  Ir/ata  (fund*. 
fadWas  or  data)  and  technical  axpartaa  to  halp 
maat  tha  consortium  goaia.  InaddHtoo.  to# 
Government  contribute*  fond#,  axpartaa  and  In 
soma  caaaa.  rig  taatlng  to  tha  consortium. 

Contracts  ara  than  tat  to  choaan  orgarizattona  to 
actualy  conduct  tha  rataarch  and  raport  tha 
finding*.  Tha  Forcad  Response  Conaortum  shown 
tn  Figure  7  Is  foaitad  on  tha  aatabiishmant  ot 
standard  Industry  assaasrrant  ma'hoda  of 
structural  damping  and  undar standing  structural 
rasponss  to  eoginarinlet  loducatl  aarodynamlc 
forcing  functions.  Tha  Matarlals  Consortium,  lika 
tha  Forcad  Rasponss  Consortium,  Is  a  Jointly 
fundsd  short  by  al  tha  savan  angina  companies, 
DoD,  ARPA.  and  NASA.  Th*  objscftv*  Is  to 
develop  aftordabla  high  (amparaturs  Abacs  tor  uss 
as  ralnforcsmant  In  both  CMC  and  MMC  malarial. 
Thsss  wtH  ba  davalopad  as  'Industry  Abacs'  -  wsl 
undarstood.  documantad  and  raady  tor  production 
uss  cry  sach  of  tha  participants.  As  shown  In  Rgura 
7.  tha  consortium  is  unlqua  and  acts  as  an  Impatu* 
for  Industry  to  work  togathar  on  othor  common 
IHPTET  tachnotogy  problems  raauhkig  In  ooat 
bans  fits  and  markat  opportunity  to  aN. 

In  tha  area  of  contractor-taamsd  Tech  Demo 
lasting,  significant  progress  has  bean  achieved. 
Currently.  General  Electric  and  AHed  Signal 
Propulsion  Engines  ara  teamed  In  JTAGG  to 
develop  and  share  In  toe  technology  payoff  of  tha 
smell  to  medium  class  of  ticboprop/shafl  engines. 
TH*  takas  the  form  of  taatlng  each  company's 
lachnoiogiaa  In  savarcl  builds  ot  a  common 
JTAGG  Tech  Demo. 

Considerable  synergistic  ben#*  and  tachnotogy 
Innovation  have  raaufted  from  ttia  union.  A 
second  team  of  General  Electric,  Pratt  &  Whitney 
and  AMton  la  working  on  a  Joint  structural  Tech 
Demo  focueed  on  advanced  IntarrnataMc  tfunium 
aluminum  oomprsaaor  blade  development, 
kmovatva  turbine  cooing  daalgna  and  reduced 
angina  weight  concepts.  This  program  (scaled 
tie  Component  and  Engtos  Structural  Asaaaamert 
Research  (CAESAR).  It  Is  becoming  a  successful 
program  as  wel  as  business  concept.  The  first 
test  of  CAESAR  wn  be  In  1995  and  wfl  help 
reduce  the  dak  of  theee  technotoglee. 

11  JjshoateBiflatdtaMt  -  flMLBtteflan 

EmaigliygBLTKfa  PttnaHtttna 

Historically,  risk,  viewed  In  term*  of  level  of 
'readiness.'  |«  tbs  reason  given  for  tha  non  ueo  of 
advanced  technology.  In  chooetog  lachnoiogiaa  lor 


systems,  ■batter'  technology  has  always  been,  and 
remain*  th*  enemy  of  'good  enough*  technology 
whan  budget*  ara  light  TH*  la  du*  to  toe 
manager's  dHamme  of  always  having  to  trade  part 
of  tha  deatrad  capaUHty  to  maat  achedufa  and 
budget  constraint*,  historically,  th*  newer  and 
better  tachnotogy  ha*  always  had  a  tower 
readtoassvsluasnd  higher  risk.  Th*  same  Is  true 
lor  current  IHPTET  tachnotogie*. 

Tachnotogy  raadtoaa*  la  dHAeuft  to  qusnlfy  and 
understand.  However,  In  IHPTET,  a  Joint 
industry/govammant  task  Is  underway  to  both 
daftn*  criteria  for  aswnirg  readlnaas  of 
tachnotogy  and  put  In  place  effort  to  lna**«e  to* 
raadtn***  whan  a  low  value  la  date!  mined.  The 
conaidaration*  being  used  to  determining  to* 
raadtoaa*  of  IHPTET  tachnotogy  canters  on  th* 
extant  of  daelgn  and  last  experience  wtto  to*  new 
tachnotogy;  to*  amount  of  axtanaton  beyond  known 
valua*  for  manufacturing  and  production:  and  to* 
dagra*  of  atmlartty  to  known  design  method*, 
materials  procaaslng  and  manufacturing. 
RaacSr.aa*  ntaasamant  (*  Judgmental  and  varies 
from  company  to  company  forth*  aama  das*  of 
malarial  or  appicatlon  of  simitar  tachnotogy 
advancements.  Effort  to  increase  raadtoass  hss 
taken  rifffarant  forms  In  WPIET.  On*  such  form  to 
tha  Ak  Fore*  I*  to*  formulalon  of  addTooai  Tech 
Damo  tests  for  specific  technology  Items.  This 
new  effort  Is  tarmsd  Advanced  Technology 
Transition  Demon*** Sons  (AT  IDs).  These 
HPTET  program*  are  short  duralon.  low  coot  and 
dkactod  at  removing  to*  teat  remaining  risk 
barriers  on  a  technology -toe  one*  prevanAos 
ImmadM*  tanaMon  ol  Aw  tachnotogy  to  a  product 
appAcafon.  Currandy,  IHPTET  It  sponsoring 
ATTD*  tor  toe  Air  Fores'*  FI  00.  F1 10  and  F1 19 
Agister  angtoee.  Tha  ccmpletton  of  thee*  ATTD* 
wM  result  to  stgnlfcant  performance  improvamants 
Whl*  producing  major  Ufa  cycle  coat  savings. 

4.T«  WmJSb  OFMPTET 

1.1  MPTET"PvW»f* 

Today,  to*  American  Aerospace  Industry  is  facing 
monelary  tesuas  of  major  proporton.  Significant 
profit  Iocs**,  undaCvsrsd  products  and  dadtotog 
tala*  havs  forcad  a  major  restructuring  of  toe 
aerospace  Induaty.  Tha  total  US  angina 
production  value  la  down  by  nearly  1/i  atoco  1991. 
Since  th*  IHPTET  HMtv*  rapraaanta  a  major 
Investment  by  Industry  •  nearly  53%  of  al  money 
from  198$  through  2003  wB  com*  from  Industry), 
tofs  probfem  baocmaa  a  significant  concern  to 
HPTET  management  Th*  National  (aval 
approach  to  tois  situation  Is  to*  axpsrwton  of 
*DueF  Use*  thrtdr^  when  technotogy  Is  being 
davalopad.  Under  this  toes,  tachnotogy  Is 
davaiopao  in  such  a  way  toal  commercial  and 
mM*7  applcaAon  become*  of  relative  equal 
Importance.  Thus,  every  doAar  spent  on 
technology  davatopmant  wit  snargiz*  the 
commarctei  economy  -  hopaMfy  Increasing 
productivity  and  svaltebtRyct  naw  job*.  Such  an 
Ida*  is  presented  In  to*  Aeronautical  Technology 
Conaortum  Acs  of  1993  (Aarotech).  IHPTET 
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management  *M  do  anything  It  can  do  -  wHhout 
•traytog  kom  Hi  baric  purpose  of  pwsuing  high- 
payoff  mMUuy  goals  In  aeronautical  technology 
-  kv  tupport  InHattves  Hke  Aerotech. 

HPTET  management  recognized  early  tut 
technology  modernlxaton  and  application  are  key 
to  toersaesd  prcductMty  to  the  aw roapaca  Industry, 
to  IHPTET,  Dual-Use  haa  become  a  a^nMcant 
ou*et  of  tha  many  technologies  developed. 
Numerous  IHFTET  developed  technologies  have 
kansWonsd  into  commardal  engines  to  far,  and 
ovar  100  technologlss  now  being  developed  under 
HPTET  have  pdanM  Mure  Duel-Use  appffcalon. 
to  total,  nearly  80%  of  IHPTET  haa  commercial 
apln-off  potential 

4XMPP  «Pd  IhrMraMASA  toflfotfves 

Tha  concept  of  Oual-Uaa  la  but  one  aspect  of  tha 
new  national  policy  raising  to  dalansa 
reinvestment.  rftversMcafcn,  and  conversion. 

Thb  new  Congressional  pofcy  hoe  Inspired  new 
toMatfvea  to  fha  areas  of  advanced  subsonic 
propulsion  artoWgh  Speed  Research  (HSH)  ter 
dvf  air  transport*  ion  by  NASA.  IHPTET  be  a 
major  springboard  for  tha  nett  NASA  toBsSvee; 
and  together  NASA  and  DoO  wN  work  advanced 
teehndoglee  for  Doth  mMtanr  critical  and 
commercial  crMcsl  appfeettone  as  deplctad  In 
Figures.  Even  trough  Figure  6  Is  only  a 
schematic  of  the  development  drreeffent  of  US 
txbine  engine  technology.  It  gfvsa  a  perspective  on 
how  toe  miltary  and  commercial  Interaction  wU 
occur  through  the  ninetee.  HPTET  w«  continue 
with  technology  dovalopmant  through  the  nineties 
focusing  on  the  hlgh-pcyoff  mittary  goals,  tut  wM 
do  so  to  conoert  aMi  at  new  nafonai  technology 
dovalopmant  and  appRcation  fnhletfves.  For 
example.  IHPTET  wit  work  on  the  mMtary  unique 
technofogiee  erf  steaWi,  expendable  enginee.  and 
concepts  of  thruat  vectoring  tor  STCVL 
appHcaSons.  NASA  wN.  on  the  otter  hand,  work 
on  commercial  unique  technotogiee  -  ideas  icr 
poSutlon  control  notes  suppression,  universal  fuels 
and  novel  regenerative  eyries.  Togriher  IHPTET 
and  NASA  w*  work  tie  mere  common  'Ousi-Use* 
technologlaa  aucti  as  advanced  materWa,  CFO 
design  codes,  advance  engine  control*  and  logic, 
advanced  turbine  cooing  concepts,  bearings  and 
structores.  Technology  success  In  ffta  common 
area  w«  be  applied  to  mNtary  crftcsl  needs  and 

commercial  critical  needs  as  necessary.  For 
example,  success  to  advanced  turbine  Mads 
cooling  technology  may  be  appCed  In  mMtary 
•nghsa  to  Increase  tie  stowable  gas  temperature 
at  constant  Exbine  blade  We  and  thereby  Increase 
the  engine  specMc  thrust.  In  a  commerctol 
eppllcatkia  the  technology  may  bs  applied  to  lower 
the  turbine  blsde  but;  tenperalura  at  oonstant  gas 
temperature  (oonstant  thrus t)  and  ha  ease  tie  We 
of  the  component  -  seme  technology  but  spent 
differently. 

As  America  approaches  (he  next  century  and 
beyond,  the  programs  of  HPTET  end  NASA, 
wotMng  together.  wW  provide  a  strong  natonei 


technology  base.  Through  the  NASA,  effort*  the 
American  dvtl  aviation  Industry  w'J  continue  its 
dominanc*  of  ffis  global  aviation  market  Through 
IHPTET  tha  mMtary  wti  continue  to  achieve 
affordable  ns  Sonel  defense  -  global  reach  and 
global  power. 
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A  number  of  dlffara.it  factors  drive  and 
constrain  the  development  of  future 
technology.  This  paper  looks  at  the 
current  perspective  on  the  development  of 
agile  aircraft  systems  and  sore 
specifically,  the  engine  characteristics 
these  demand. 

Having  ldantlflad  tha  desirable  angina 
charactarlstlcs,  th#  key  tachnologiea 
required  to  anable  them  ara  discussed. 

It  is  proposad  that  the  opt lane  agile 
aircraft  system  will  he  achieved  given 
these  tachnologiea  by  considering  the 
best  way  in  which  the  engine  should  be 
'rated'  to  fulfill  the  operational 
requirements  envisaged. 

ZHMOUCTIO* 

This  paper  brlefy  examines  the  factors 
driving  end  constraining  the  developmen* 
of  agile  aircraft  ay* tars,  to  put  tha 
requirements  for  engine  development  lc 
the  correct  perspective,  considering  an 
entry  Into  service  of  around  3010. 

As  a  consequence  to  th<-  above,  the 
desirable  engine  characteristics  and  tha 
kay  technologies  approprlata  to  achieve 
thass  era  conxlderad. 

Assuming  availability  of  thu  raqulrod 
technologies  the  specific  applications 
ara  than  dlscusssd  In  tanas  of  cycle  end 
ratlrg  structure  to  optimise  the  engine 
design  for  an  agile  aircraft  ayr ;om. 

MCgUIMMOm 

Tha  Gulf  «ar  proved  that  In  certain 
thaLtres  of  war  (where  tha  tsrretn  is 
csmpatibla),  air  power  la  paramount  to 
military  succasa  and  the  achievement  of 
air  superiority,  air  supremacy,  needs  a 
highly  agile  aircraft  with  high 
performance  radar  and  missiles. 

However,  with  defence  budgets  shrieking, 
the  Importance  of  dual  or  even  multlroie 
capability  In  the  design  of  future 
fighters  1»  becoming  Increasingly 
■w.cssery,  with  at  least  greater  range 
potential  than  traditionally  attributed 
to  agile  combat  aircraft. 


Certain  scenarios  can  be  anvlaagad  where 
either  a  long  rang*  penetrator  with  good 
available  agility,  or  an  agile  combat 
aircraft  with  greater  coabat  andurance 
than  previously  aaan,  will  be  key 
operational  requirements. 

Historically,  wa  have  seen  an  incrensa  In 
threat  to  weight  ratio  of  combat  aircraft 
(Fig  1).  in  fact,  over  tha  past  SO  years 
it  has  doubled. 


Kiiicdcil  ttandft  In  thnnt/waight  r at*o 
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Taking  a  took  at  tha  poverplant  fraction 
of  three  anginas  that  cover  tha  abovo 
range  (Fig. 2),  It  can  be  aaan  that  tba 
development  of  systems  as  c  whole  >ad 
to  s  reduction  In  tha  pcwerplanr  re]  -teu 
weight  fraction  from  slightly  r-'/rc  than 
half  to  below  half  of  the  strertft 
take-off  weight. 
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Future  developments  will  be  required  to 
maintain  current  levels  of  aircraft 
taka-off  weight  for  significant  increases 
In  aircraft  agility  and  range  by 
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optimisation  and  integration  of  both 
aircraft  end  engine  technology 
advancement  (Fig. 3). 

Agile  Aircraft 

Inf  turner  of  onglno  technology 
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DRIVING  FACTORS 

The  four  considerations  driving  any 
future  agile  combat  aircraft  system  will 
be  effectiveness  and  survivability, 
flexibility  and  affordability  (Fig. 4). 

The  first  two  of  these  considerations, 
the  traditional  need  for  effectiveness 
and  survivability,  are  still  a  major 
requirement.  These  depend  upon  the 
systems  overall  ability  to  out  manoeuvre 
the  opposition,  it  potential  for 
extended  range  of  operation  and  time  'in 
combat'  capability  and  its  ab'Uty  tc  jet 
home  without  refuel  tack-up.  stealth  Is 
another  factor  affecting  surviv.  ".illty 
and  effectiveness  -  this  will  sifect  how 
close  to  a  'target'  the  aircraft  can  get 
before  detection  and  also  how  difficult 
It  Is  for  enemy  fire  to  stay  locked  on' 
to  it. 

System  flexibility  can  be  interpreted  in 
two  ways  -  the  application  oi  a  system  to 
mo  ■  than  one  role  le.  multirole 
cat  oillty,  and  also  tne  potential  use  of 
thrust  vectoring  for  STOL/STOVL  and/or 
lncreasod  agility. 

The  multirole  element  of  a  systems 
flexibility  will  also  contribute  to  its 
"affordability"  given  that  if  it  will 
perform  more  than  a  single  role  the 
reduction  in  first  cost  may  not  be  as 
overriding  when  balanced  against  the  cost 
of  purchasing  two  different  systems. 
Whethor  the  sys'  3  is  to  be  single  or 
multirolo  is  unlikely  to  af'ect  the  life 
cycle  cost  requirment  however. 


Englntt  Development  (or  Future  Agile  Alrcrolt 
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CHARACTERISTICS 

To  achieve  the  requirements  outlined 
above,  there  are  eight  'desirable*  engine 
characteristics : - 

1)  Thrust : Weigh. 

As  the  historical  trend  has  implied 
(Fig.l),  increased  thrusttweight  ratio 
has  played  a  major  part  in  development  of 
agile  combat  aircraft.  Developments  of 
engine  thrusttweight  Increases  of  up  to 
the  order  of  loot  are  envisaged  for  next 
generation  systems. 

2)  Reduced  fuel  burn 

Improved  specific  fuel  consumption  and 
hence  reduced  fuel  burn  for  a  'mission 
profile'  will  be  the  major  contributor  to 
increased  range  and  should  also  benefit 
life  cycle  costs.  However,  any 
improvements  in  fuel  burn  will  have  to  be 
balanced  over  mission  type  to  give  a  nett 
benefit. 

3)  Integrated  Controls 

In  order  that  the  engine  and  aircraft 
performance  can  be  optimised  throughout 
operations,  advanced  integrated  controls 
will  be  required  not  only  to  maintain 
best  engine  matching  by  control  of 
variables,  thrust  vectoring  and 
adjustments  for  deterioration,  etc,  but 
also  to  provide  an  active  alrcraft:engine 
Interface.  These  performance  seeking 
controls  will  require  development  of 
closed  loop  systems.  Despite  the 
potential  increase  in  complexity  of  the 
control  system,  to  enable  enhanced  pilot 
Interaction,  the  system  must  be  simple  to 
of  rato  and  understand,  robust  and  above 
a:  i  reliable. 

4)  Vectored  thrust 

A  feature  flrBt  operationally 
demonstrated  by  the  Rolls-Royce  Pegasus 
engine,  vectored  thrust  can  be  used  to 
increase  agility  as  well  as  provide 
STOL/STOVL  capability. 

5)  Signature  cc.i'rc'. 

Measures  to  control  engine  signatures  in 
the  visual  and  electromagnetic  spectra 
are  n3c»asnry  as  a  part  of  the  overall 
stealth  considerations  for  future 
aircraft  systems.  Developments  in  this 
field  will  lead  to  Improvements  in  a 
systems  effectiveness  and  survivability. 

6)  Simplicity 

Simplicity  of  design  and  operation  can  be 
facilitated  by  materials  and  manufacture 
developments.  Combined  with  designed  in 
reliability  this  will  contribute  to 
enhanced  reliability  and  maintainability, 
as  well  as  giving  potential  savings  in 
weight  and  cost. 

7)  Rugged  design 

Robust  or  rugged  designs  are  a  necessary 
characteristic  for  better  survival  in  the 
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battle  field,  not  only  In  tens  of  damage 
tolerance  but  -  *  -  term*  of  ' in  the 
fl^ld'  operatic  -  -  ■»  the  engine  will 
be  xposed  to  a  n.  ■  e  environment,  such 
as  i.ittle  damage,  a'-.nd  Just  ingestion, 
extremes  of  temperature,  non-clean 
maintenance  sites,  non-standard  fuels, 
electromagnetic  fields. 

8)  Availability 

Time  at  readiness  and  conversely  ’down 
time'  are  heavily  influenced  by  the 
systems  simplicity  and  ruggednass. 
Reduction  of  both  scheduled  and 
unscheduled  inspections  and  removals  will 
Increase  availability  and  hence 
operability. 


KEY  TECHNOLOGIES 

In  order  that  the  desirable  engine 
characteristics  Outlined  can  be  realised, 
various  key  technologies  need  to  be  put 
in  place. 

These  technologies  can  be  naturally 
divided  into  a  number  of  categories,  as 
shown  in  Fig. 4.  Each  of  these  is 
examined  here 

1.  Compression  systems  technology 

The  drive  in  compression  system 
development  has  been  increased  stage 
pressure  ratio  combined  with  increased 
efficiency  ac  a  loading  level.  Figure  5 
show*  the  historical  progression  of  fan 
and  compressor  pressure  ratios  and  a 
projection  into  the  next  century.  This 
trend  has  Influenced  the  length  of 
compression  systems  keeping  them 
relatively  lower  for  the  Increases  in 
overall  pressure  ratio. 


Composition  Systim  Technology 

Ptogrttr,  of  tt*««  gittlMs  ratio 


The  development  to  these  higher  pressure 
ratios  while  at  least  maintaining  or 
Improving  efficiency,  increasingly 
requires  the  use  of  variable  vanes. 
Inovitably,  as  the  levels  o £  efficiency 
tend  towards  the  maximum  realisable,  the 
effect  required  to  achieve  each  atep 
becomes  greater.  Gno  area  of  development 
offering  efficiency  returns  is  that  of 
active  control  of  running  lines,  thus 
allowing  reduced  surge  margin  operation. 
With  reference  to  Fig. 6,  although 
efficiency  is  seen  to  reduce  with 
increased  loading,  it  has  bean  shown  that 
come  efficiency  can  be  regained  by 
reducing  the  operating  surge  margin. 


Compriiilon  Syit* m  Technology 
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A  further  development  In  compression 
technology  is  that  of  hybrid  compressors 
where  the  first  stage  of  the  high 
pressure  compressor  is  a  T-stage  acting 
in  a  similar  way  to  the  last  staqe  of  the 
fan,  feeding  both  the  HPC  (core)  and  the 
bypass  duct.  This  style  of  compressor  is 
particularly  applicable  to  the  variable 
cycle  engine  concept,  presenting  a 
challenge  not  only  in  terms  of 
aerodynamic  design  of  the  rotors  but  also 
in  terms  of  variable  vane  technology. 

A  fan  plus  hybrid  compressor 
configuration  also  offers  the  benefit  of 
a  reduced  demand  on  the  LP  Turbine 
system. 

2.  High  temperature  technology 

As  overall  compression  ratio  is  driven 
higher  so  too  are  the  gas  temperatures 
seen  by  the  other  components  of  the 
engine.  Of  particular  concern  arc  the 
coabuatlon  chamber,  turbines  and  nozzles, 
as  combustion  temperatures  approach 
atoichiometrlc  levels  and  higher  HPC 
delivery  temperatures  are  seen.  Given 
the  traditional  HP  turbine  cooling  air 
source  has  been  from  the  HPC,  these  make 
the  cooling  task  ever  more  demanding. 

Developments  in  turbine  blade  materials 
and  cooling  design  efficiencies  increase 
the  cooling  effectiveness  achievable, 
which  can  be  'cashed'  in  terms  of 
increased  life  o.  peak  operating 
temperature. 

High  Timpentv  :  ichnology  Oivilopmint 


Figure  7  shows  the  path  of  advancing 
technology  with  boundaries  on  HP 
compressor  delivery  set  by  disk  and  rear 
atage  bledo  material  capabilities,  and 
turbine  entry  temperature  boundaries  set 
by  combustion  and  LP  turbine  cooling 
considerations.  Turbine  technology 
development  moves  forward  with  Improved 
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cooling  designs  and  materials  and  could 
also  exploit  tha  use  o f  cooled  cooling 
air.  The  benefits  of  the  latter  ore 
easily  identified,  potential  operation  at 
higher  compressor  delivery  and/or  turbine 
entry  temperatures,  reduced  cooling  flows 
or  ircieased  life.  Conversely,  the 
disadvantages  of  added  mass  jnd 
complexity,  etc,  need  to  be  minimised  for 
any  true  benefit  to  bu  realised, 

3.  Variable  cycles 

The  potential  offered  by  variable  cycle 
engines,  to  operate  in  both  the  medium 
and  high  specific  thrust  modes  has 
obvious  advantage  when  looking  towards 
any  tuture  combat  aircraft  where  the 
agility  requirement  is  likely  to  be 
combined  with  that  for  range/durability. 

The  technologies  required  for  these 
engines  will  be  common  in  usny  cases  with 
conventional  englnst  -  increased  use  oi 
compression  system  variables,  variable 
mixers,  variable  2  parameters  con-di  rear 
nozzles,  advanced  Integrated  control 
systems . 

However,  the  degree  of  compression  system 
variability,  for  example,  will  be  much 
more  demanding  than  that  of  a 
conventional  engine.  Furthermore  the 
potential  complexity  of  a  control  system 
Is  also  likely  to  be  greater.  More 
specifically,  use  uf  valve  arrangements 
will  require  development  of  l.<ght, 
reliable,  responsive  valve  and  actuator 
systems,  combined  with  understanding  and 
'control*  of  the  aerodynamic  problems 
these  esn  present. 

These  technologies  will  need  to  bn 
optimised  for  the  advantages  offered  by 
variable  cycle  engines  to  be  realised. 

<.  Materials  and  manufacturing  technology 

The  development  of  materials  and 
manufacturing  technology  will  be  the  key 
to  the  development  of  many  other 
technologies  -  as  mentioned  earlier,  it 
is  the  availability  of  adequate  materials 
that  to  some  extent  constrains  the 
advances  In  hlgn  temperature  technology. 


Metnrlalft  and  Manufacturing  bnvalopma^l 
Compraaanr  tachnoiua. 
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Let  us  consider  the  compressor,  by  way  of 
an  example.  With  reference  to  figure  8, 
materials  and  manufacturing  technology 
has  enabled  the  progression  from  bladed 
discs,  where  steol  and  nickel  ha\e  teen 
the  dominant  materlalo  in  tha  static 
members,  to  advanced  designs  utilising 


hollow  blade  technology,  blisks  and 
blings  and  fire  resistant  titanium  and 
lntermetallic  statics .  These 
developments  have  enablod  a  40%  increase 
in  pressure  ratio  to  be  achieved  with  a 
30%  decrease  In  aerofoil  count  and  a  65% 
decrease  in  weight. 

In  addition,  the  stove  to  hollow  blades 
and  blings  offers  the  further  advantage 
In  terms  of  reduced  Inertia  components  - 
of  particular  value  In  an  agile  aircraft 
system  wuere  the  systems  agility  Is  to 
some  extent  e  function  of  Its  own 
Inertia. 

5.  Engine  signature  control 

Figure  9  shows  the  technologies  for 
engine  signature  control,  roughly  split 
into  front  and  rear  of  engine. 

Low  observable  lechnologles 
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The  front  of  the  onglne  weald  benefit 
from  the  use  of  radar  absorbent  materials 
for  the  intake  duct  and/or  possibly 
engine  face  and  guide  vanes. 

Careful  inlet  design  can  enable  the 
engine  face  to  be  obscured  and  r.eed  not 
cause  undue  inlet  disturbance,  and 
conversely  may  offer  flow  settling  for  an 
integral  Inlet:  compressor  design. 
However,  It  can  be  envisaged  tnat 
non-optlmal  solutions  could  unduly 
disturb  inlet  flow  hence  requiring  a  more 
distortion  tolerant  compression  svsiem. 

The  choice  of  engine  cycle  will  Involve 
some  trade-off  between  Infra-red  and 
radar  signatures.  The  smallest  hottest 
engine  possible  offers  a  better  solution 
with  respect  to  radar  cross-section  of 
the  aircraft  but  would  be  bad  for 
Infra-red.  On  the  other  hand,  a  high 
bypass-ratio,  low  specific  thrust  engine, 
although  better  for  IR  could  be  worse  for 
aircraft  radar  cross  section. 

nozzle  geometry  is  not  on.y  an  engine 
design  challenge,  but  alr.o  ono  for  the 
engine:aircraft  Interface.  2D  nozzles 
blended  to  the  vehicle  shape  have  the 
potential  to  not  only  reduce  radar 
signature,  but  also  may  be  easier  to 
vector  -  although  paying  the  penalty  of 
greater  weight  relative  to  a 
'conventional'  nozzle.  Careful  design  of 
a  conventional  nozzle  could  enable  a 
reduced  forward  radar  signature  to  be 
achieved  such  that  coupled  with  its  lover 
weight  penalty  it  is  an  attractive  option 
for  an  agile  combat  aircraft  where 
forward  signature  is  most  important. 
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Temperature  control  of  the  externa] 
surface  of  the  nozzle  petals  offers  the 
potential  to  reduce  IR  signature. 
Similarly  'perfect'  control  of  mixing  of 
core  exhaust  where  a  cooling  effect  from 
the  cold  stream  persists  to  the  nozzle 
exit  plane  from  which  point  it  Is  totally 
mixed  with  the  core  flow. 

further  measures  to  reduce  back  of  engine 
signature  would  be  use  of  radar  absorbing 
materials  where  practicable  and  nozzle 
design  such  as  to  obsure  and  stcp/or 
reduce  reflections  from  the  turbine. 

Exhaust  gas  composition  particularly 
affects  the  engine's  visual  signature 
advanced  combustors  will  reduce  the 
emissions  of  smoke  and  NOx  and 
Investigations  have  also  been  made  into 
the  chemical  suppression  of  vapour 
trails. 

Finally,  the  use  of  enCralnmert  offers 
the  potential  for  signature  reduction  in 
terms  of  exhaust  plume  cooling  and 
improved  exhaust  mining. 

6.  Advanced  control* 

The  control  systems  requirement  for 
current  and  projected  agile  aircraft  is 
primarily  influenced  by  the  increased 
demand  for  engine  and  aircraft 
integration  and  the  use  of  variable 
geometry.  A  consequence  of  this  is  the 
employ  of  e  greater  number  of  closed-] oop 
controls  end  Inevitably  the  requirement 
for  a  system  in  which  two  or  more  loops 
operate  simultaneously.  In  some  cajes 
there  will  exist  interactions  between  the 
several  input  and  output  pairs  -  this 
will  require  multivariable  control  system 
design. 

The  primary  advantage  of  multivariable 
controls  is  realised  in  the  form  of 
engine  performance  and/or  handling 
improvements,  attainable  through  the 
bility  to  control  fan  and  compressor 
working  points  more  accurately  -  for 
example,  the  freedom  to  set  any  desired 
fan  working  polr.t  at  any  time  means  that 
surge  margin,  normaly  fixed  by  the 
variable  geometry  schedules,  can  be 
reduced  to  take  advantage  of  low  intake 
distortion  estimate  to  reduce  sfc,  or 
can  be  increased  to  a’ low  rapid  handling 
during  extreme  aircraft  manoeurvres. 

A  further  advantage  is  the  potential  for 
enhanced  engine  signature  management  - 
other  applications  can  be  envisaged. 

The  field  of  integrated  controls 
technology  Is  of  considerable  importance 
in  the  development  of  future  agile  combat 
aircraft  and  Is  a  subject  in  Itself. 

7.  a as  director  systems 

The  use  of  vectored  thrust,  by  means  of 
gas  director  systems,  to  Increase 
aircraft  agility  is  an  accepted 
principle.  A  further  role  of  gas 
director  systems  is  the  provision  of 
STOL/STOVL  capability  cf.  Pogasus  in 
Harrier. 
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When  considering  the  use  of  voctored 
thrust  for  enhanced  agility,  the 
trade-off  ralr'  '.ve  to  other  aircraft 
deployed  cont—'ls  has  to  be  examined. 

With  reference  to  Figure  10,  some  of  the 
considerations  associated  with  both 
thrust  vector  and  aerodynamic  control,  to 
obtain  enhanced  agility,  are  given. 
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Generally  thrust  vectoring  will  give  good 
low  speed  power  and  aerodynamic  control 
good  hiqh  speed  efficiency.  Major 
concerns  with  thrust  vectoring  ore  the 
reliability  of  the  system  -  being 
dependent  on  engine  reliability,  which  is 
Inferior  to  that  of  aerodynamic  controls 
-  and  the  speed  of  response  co  demand, 
which  is  dependent  on  engine  system 
inertia.  With  aerodynamic  controls,  the 
architecture  of  the  flight  control  system 
will  be  of  critical  importance.  Rather 
than  considering  the  potential  for 
enhanced  agility  as  an  olther/or 
situation,  there  could  be  a  strong  case 
for  the  use  of  loth  thrust  vectoring  and 
aerodynamic  control  to  effact  enhanced 
manoeuvrability,  with  a  possible 
consequent  control  redundancy  and  reduced 
size  of  conventional  controls. 

This  p'eaents  an  area  of  work  where  close 
collaboration  between  airframe  and 
propulsion  systems  technologists  will 
enable  the  development  of  the  optimum 
overall  solution. 

Assuming  the  case  for  vectored  thrust  is 
positive  enough,  or  Indeed  to  assoss  its 
feasibility,  various  technologies  and 
considerations  need  to  be  develoDod.  Of 
primary  importance  are  the  cost  and 
weight  o/  the  system. 


Vectoring  Woute  Technologies 
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Signature  management  of  the  system  will 
be  nore  desending  than  conventional  given 
the  increaeed  nunber  of  noving  parts  or 
at  least  increased  angles  through  which 
they  will  no ve.  Reduction  of  signature 
frcat  these  will  require  careful  design  as 
will  the  need  to  nir.lnise  external  drag 
they  potentially  could  impose. 

The  aerodynamic  loads  that  would  be 
experienced  by  a  vectoring  nozzle  will  be 
of  considerable  concern  and  designs  need 
to  account  for  these  in  conjunction  with 
development  of  the  actuaticn  system, 
which  is  likely  to  be  more  complex  and 
would  also  be  required  to  be  moro 
powerful  than  required  with  conventional 
nozzle  actuators  whern  some  degree  of 
aerodynamic  'balancing'  can  be  employed. 

The  fabrication  of  the  structure  will 
need  to  enable  the  weight  and  cost 
reductions  required  to  allow  such  a 
system  to  be  an  affordable  solution  and 
also  to  facilitate  the  difficult  task  of 
cooling  such  an  articulated  structure. 

Tho  requirement  for  STOL/STOVL  potential 
as  well  as  enhanced  agility  will 
significantly  influence  the  design  of  the 
system  and  the  demand  on  the  various 
technologies  -  for  most  of  these, 
inclusion  of  STOL/STOVL  capability  will 
Increase  the  demand  on  the  systems 
capability. 

APPLICATION 

It  Is  (n  the  application  of  the  key 
technologies  required  for  the  specified 
engine  characteristics  that  the 
optimisation  of  a  system  can  be  achieved. 

In  turn,  the  mission  types  affect  the 
optimum  balance  of  the  various  engine 
characteristics  available  as  defined  by 
the  choson  engine  rating  and  matching. 

Given  that  the  mission:  ratlcg/matchlng 
'mixes'  possible  are  numerous, 
considering  one  typical  aircraft  study  as 
an  example  can  illustrate  the  above  point 
meat  simply. 

Consider  a  possible  fighter  aircraft 
design  (Fig. 12)  -  a  twin  engined  fighter 
of  17  tonnes  clean  take-off  weight,  with 
a  clean  wing  loading  of  274  kg/m>  and  a 
401  fuel  fraction  (sizing  missions 
require  some  range/enduranco  capability). 
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With  engines  of  65  kg/a  flow  oach,  tho 
aircraft  has  e  static  thrust  to  tako-off 
weight  ratio  of  1.1  to  1.0. 


As  most  engine  rating  structures  are 
defined  as  a  function  of  Tl,  point 
performance  requirements  can  be  plotted 
in  terms  of  Installed  corrected  thrust 
per  engine  against  Tl  and  the  aircraft's 
'characteristics’  for  a  given  rating 
system  plotted  against  these  -  this  plot 
is  more  traditionally  seen  against  Mach 
Number  and  known  as  a  Husk  plot. 

Figure  13  shows  the  sea  level  and 
tropopause  characteristics  for  the  study 
aircraft,  with  conventional  engines  as 
tho  dot-dashed  lines. 
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Different  'g'  level  requirements  at  the 
tropopause  are  spotted  on  the  plot  and 
lines  of  constant  'g'  given. 

It  can  be  seen  from  these  point 
performance  Indicators  that  a  greater 
thrust  delta  is  required  for  an  increase 
in  'g'  capability  at  low  Mach  number  (low 
Tl)  than  at  high  Mach  number  (high  Tl). 

The  rating  of  the  study  aircraft's 
engines  accomodates  a  sizing  point  of  a 
1000ft  take-off  ground  run  and  gives 
around  3'g'  performance  at  both  see  level 
and  the  tropopause. 

Typical  Agile  Aircraft  Engine  Reting  Structure 


KHPC  H 

The  engines  have  been  rated  in  a  similar 
manner  to  current  agile  aircraft,  as 
shown  in  figure  14.  At  lower  Tls  the 
engine  runs  up  a  constant  aerodynamic  fan 
speed  lino,  which  is  effectively  a 
constant  corrected  air  Ilow.  Tho  air 
flow  is  eventuelly  pulled  back  as  Tl 
increanes  once  the  engine  has  reached  tho 
HP  turbine  inlet  temperature  limit.  A* 

Tl  increases  further  the  engine  will  bo 
pulled  back  on  HP  turbine  inlet 
temperature  as  tho  IIP  compressor  dellvory 
temperature  limit  is  invoked.  The  point 
at  which  peak  HP  turbine  inlet 
temperature  and  peak  HP  compressor 
delivery  temperature  coincide  is 
generally  the  mechanical  design  point  of 
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th*  engin-.  The  aerodynamic  design  point 
is  genera,  '.y  at  lower  Tl's  where  the 
corrected  an  flow  is  at  a  maximum. 

The  rating  -hosen  for  the  study 
aircraft's  engines  gives  reasonable  low 
and  high  mach  number  performance,  having 
a  rating  schedule  with  a  range  of  T1  on 
the  HP  turbine  inlet  temperature  limit. 

Improved  high  Mach  number  performance 
would  have  been  possible  if  the  fan 
aerodynamic  speed  line,  HP  turbine  inlet 
temperature  limit  intersect  had  tended  to 
the  right,  ie.  towards  the  HP  compressor 
delivery  temperature  limit  line,  such 
that  maximum  corrected  airflow  and 
temperatures  are  all  achieved  at  high  T1 
(high  Mach  numbers). 

However,  this  type  of  rating  would  have 
compromised  any  low  Tl,  low  mach  number 
cases  where  the  turbine  would  have  been 
operating  far  below  maximum  capability 
and  the  only  way  to  achieve  the  thrust 
levels  required  would  be  to  increase 
engine  flow  i.e.  engine  size,  which  in 
turn  will  have  detrimental  effects  an 
aircraft  weight  and  drag.  Bias  to  the 
high  Tl  cases  will  also  compromise  any 
cruise/loiter  performance  that  may  be 
required  for  extended  range  of  operation, 
as  high  Tl  designs  tend  towards  a  low 
bypass  ratio  solution  which  has  poorer 
fuel  efficiency  at  lower  thrust  settings 
than  a  higher  bypass  engine  of  equivalent 
technology. 

Had  the  engines  been  rated  to  give  better 
low  Tl  performance,  i.e,  trending  towards 
tho  left  hand  side  of  the  rating  diagram, 
they  would  have  also  had  better  loiter/ 
cruise  performance.  However,  high  Tl 
thrust  tould  have  been  compromised  as  the 
airflow  would  have  been  pulled  back  from 
maximum,  making  the  engine  reliant  on 
high  temperatures  to  attain  the  thrust 
levels,  with  consequent  compromise  of 
engine  life. 

If  we  examine  fie  possible  ooriormance 
categories  expected  for  an  agile  combat 
aircraft  and  the  rating  and  matching 
requirements  fer  each,  we  can  identify 
the  areas  which  are  compatible  and  those 
which  will  require  compromise.  With 
reference  to  figure  15,  the  combat  and 
supercruise  requirements  all  require  high 
specific  thrust  and  operation  in  reheat 
or  maximum  dry  power.  These  conditions 
cover  the  full  range  of  Tl  and  ideally 
should  have  maximum  corrected  fan  flow 
and  HP  turbine  Inlet  temperature,  rating 
at  high  aerodynamic  fan  speed.  Already 
we  can  see  a  diversion  of  requirements, 
for  a  conventional  engine  maximum 
corrected  fan  flow  can  not  bo  held  at 
maximum  HP  turbine  inlet  temperature 
over  a  range  of  Tl. 

Furthermore,  any  requirement  for  cruise/ 
loiter  performance  requires  low  specific 
thrust  to  qive  best  sfc,  this  being  a 
throttled  dry  case  that  would  bo  better 
rated  at  low  corrected  fan  flows 
exhibiting  good  low  speed  turbomachinery 
efficiencies. 


lUtWtQ  *A<J  Matching  R«qUr*m«nU 


An  alternative  solution  to  the 
compromised  rating  of  a  conventional 
engine  could  be  the  employ  of  variable 
cycle  engines.  Their  use  offers  the 
potential  for  operation  In  both  high  and 
medium  specific  thrust,  thus  enabling 
rating  and  matching  to  better  satisfy  a 
range  of  Tl  and  thrust  requirements. 
Figure  16  shows  typical  thrust:sfc  loops 
of  a  high  and  medium  specific  thrust 
engine.  As  the  drive  for  higher  specific 
thrust  engines  continues,  to  achieve 
combat  performance,  the  loiter/crulne 
case  will  be  moving  further  back  along 
the  sfc  loops,  thus  Increasing  the 
difficulty  of  the  task  to  obtain  g->od  all 
round  performance. 


Typical  Thruattfc  Loops 


A  variable  cycle  engine  can  offer  the 
potential  to  combine  the  good  high  thrust 
performance  levels  o C  an  high  specific 
thrust  engine  end  the  better  low  thrust 
performance  of  a  medium  specific  thrust 
engine,  as  shown  by  the  dashed  line  In 
figure  16.  This  Is  achieved  by  enabling 
maximum  corrected  fan  flow  to  be 
maintained  at  maximum  HP  turbine  entry 
temperatures  over  a  range  of  Tl.  This 
characteristic  allows  variable  cycle 
engines  to  be  smaller  than  conventional 
for  the  same  thrust  levels. 

An  additional  benefit  of  tho  fixed 
corrected  fan  flow  is  the  reduced  spill 
and  base  drag  this  engine  induces 
relative  to  conventional  engines. 

With  reference  back  to  figure  13,  the 
dashed  line  shows  the  characteristics  of 
the  study  aircraft  with  variable  cycle 
engines  of  the  same  mass  flow  as  the 
conventional  englnos.  This  shows 
approximately  the  same  level  of  lower  Tl 
performance  as  the  conventional  onginod 
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aircraft  but  improved  high  Tl,  high  mach 
number  performance,  with  an  Improvement 
of  1.8  Tropopause  parforaanca  froa 
approximately  3*g’  to  4}'g'. 

Aa  mentioned  previoucly,  a  variable  cycle 
angina  aay  currently  coaproaiae  the 
overall  operability  of  an  agile  aircraft 
syatea  given  lta  level  of  maturity  of 
required  technologiea.  This  needa  to  be 
coopered  against  the  easily  identified, 
but  Just  ac  technically  challenging 
component  requirements  of  advanced 
conventional  engines.  This  and  other 
factors  need  to  be  judged  against  the 
advantages  such  engines  can  offer  with 
respect  to  rating  and  Batching  for  a 
range  of  requirements. 

COKLUSIOM 

Future  agile  aircraft  systems  will  not 
only  have  to  have  greater  agility  and 
range  than  current  systems,  but  are  also 
likely  to  exhibit  soae  degree  of 
aultirole  capability. 

The  desirable  engine  characteristics 
required  to  fulfill  the  needs  of  these 
systems  will  require  the  developaent  of  a 
number  of  key  technologies.  The  emphasis 
of  technology  developaent  is  dependant  on 
the  operational  requirements  and  as  such 
the  engine  matching  and  rating  will  need 
to  be  considered  with  close  cooperation 
between  the  engine,  airframe  and 
operational  requirements  organisations, 
to  ensure  the  optimum  agile  aircraft 
systems  are  realised  for  the  perceived 
roles . 
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MUON  OF  INTEGRATED  FUGKT  AND  POWERPLANT  CONTROL  SYSTEMS 


C.  Field  mg 

Group  Leader  ■  FCS  Design 
Aerodynamics  Department 
British  Aerospace  Defence  Limited 
Military  Aircraft  Division 
YVarton.  Lancashire  PR4  1AX,  UK 


SUMMARY 

Ourlng  the  past  decade.  British  Aerospace  has  been  an 
active  participant  in  '.wo  major  UK  research  programmes 
involving  flight  control  of  vectored  thrust  combat  aircraft: 

VAAC  -  'Vectored  thrust  Aircraft  Advanced  flight 
Control',  which  is  a  UK  Ministry  of  Defence 
programme  fn  which  a  Harrier  aircraft  has 
been  fitted  with  an  experimental  digital 
flight  control  system. 

tFPCS  -  'Integrated  Flight  and  Powerplant  Control 
Systems',  which  Is  complementary  to  the 
VAAC  programme  and  is  sponsored  jointly  by 
the  UK  Ministry  of  Defence.  British 
Aerospace  and  Rolls-Royce. 

This  paper  describes  the. work  being  undertaken  by  British 
Aerospace  on  both  of  these  projects,  as  a  continuation  of 
the  flight  control  and  technology  demonstration  research 
successfully  completed  on  earlier  projects  such  as  the 
Jaguar  Fly^By-WIre  and  the  Experimental  Aircraft  Pro¬ 
gramme  (EAP). 


1.  INTRODUCTION 

The  requirement  for  enhanced  combat  aircraft  perform¬ 
ance  has  led  to  the  design  of  serodynamlcally  unstable 
airframes,  the  stabilisation  and  control  of  which  is  made 
possible  by  the  availability  of  full  authority  fly-by-wire  flight 
control  systems.  These  systems  have  revolutionised 
combat  aircraft  by  providing  significant  operational  bene¬ 
fits  such  as  reduced  pilot  workload,  carefree  manoeuvring, 
increased  flight  envelope  and  excellent  handling  qualities 
At  British  Aerospace  the  evolution  of  the  technology  for 
advanced  flight  control  systems  Is  a*  a  mature  state  and 
has  been  successfully  applied  to  a  range  of  combat  aircraft 
such  as  Tornado.  Jaguar  Fly-By-WIro  and  the  EAP  aircraft. 
The  experience  gained  is  being  fully  utilised  in  the  design 
and  development  of  the  Eurofighter  2000. 

The  technology  development  process  is  continuing  in  or¬ 
der  to  provide  advanced  flight  control  systems  for  future 
project  aircraft  and  advanced  developments  to  existing 
aircraft  such  as  the  Harrier.  An  important  aspect  under 
consideration  is  the  integration  of  the  traditionally  separate 
flight  and  powerplant  control  systemu:  individual  design 
and  optimisation  of  each  system  may  include  making 
'worst  case:  assumptions  for  the  other  system,  thereby 
compromising  the  achievable  design.  Studies  in  the  US 
(Reference  1)  have  already  demonstrated  some  of  the  op¬ 
erational  benefits  of  having  a  fully  integrated  system:  in¬ 
creased  engine  performance,  reduced  fuel  consumption, 
improved  manoeuvrability,  and  Improved  safety  and 
reliabllty.  The  latter  is  the  result  of  having  shared  informa¬ 
tion  between  systems  and  the  'self-repairing'  possibilities 
associated  with  control  redundancy;  o.g.  'propulsion  only' 
control,  to  cover  for  total  failure  of  aerodynamic  controls. 

This  paper  makes  a  short  reviow  of  British  Aerospace's 
previous  fly-by-wire  combat  aircraft  project  experience, 
before  describing  some  of  the  current  and  futuio  project 
work  being  undertaken  at  8Ae,  in  -elution  to  the  design  of 
integrated  flight  and  powerplant  control  systems. 


2.  FLY-BY-WIRE  AIRCRAFT  EXPERIENCE 
2.1  Tornado 

Tornado  is  a  multi-role  combat  aircraft  incorporating  vari¬ 
able  wing  sweep  and  which  is  capable  of  carrying  a  di¬ 
verse  range  of  stores.  It  cas  been  in  operational  service 
with  the  UK.  German  and  Italian  Air  Forces  since  the  late 
70s  and  has  more  recently  been  acquired  by  the  Royal 
Saudi  Air  Force.  The  aircraft  has  an  aerodynamically  sta¬ 
ble  airframe  and  is  available  as  air  defence  and  ground 
attack  variants  (Figure  1). 


Figure  t.  Tornado  Aircraft 

The  FCS  comprises  a  index  analogue  FlyBy-Wirc  system 
with  a  mechanical  back-up.  The  baseline  Command  and 
Stability  Augmentation  System  (CSAS)  is  interfaced  with 
the  duplex  analogue  Spin  Prevention  and  Incidence  L.mit- 
mg  System  (SPILS,  Reference  2)  and  the  duplex  digital 
Autopilot  and  Flight  Director  System  (AFDS). 

The  aircraft  is  powered  by  two  Rolls-Royce  RBI99  engines, 
each  of  which  is  comrolled  by  a  duo-duptox  Digital  Engine 
Control  Unit  (DECU).  An  autothrottle  which  drives  tho  pi¬ 
lot’s  throttle  levers  is  svailablo  via  pilot-aelectab'e 
autopilot  modes. 

2.2  Jaguar  Fiy-by-wlro 

Over  the  period  1977  •  1994  British  Aerospace  undertook 
a  Ministry  of  Defence  funded  development  programme 
leading  to  technology  demonstration  of  a  full  time  digital 
fly-by-wire  flioht  control  systom.  The  Jaguar  Fly-By-Wire 
Programme  .erence  3).  although  utilising  the  analogue 
FCS  design  exporienco  gained  from  the  Tornado  aircraft, 
involved  revolutionary  system  design  and  clearance  pro¬ 
cedures  to  cover  the  digital  aspects  of  the  FCS.  Many 
features  of  the  system  design  wore  based  on  experience 
from  Concorde's  air  intake  systom.  which  was  tho  world's 
first  safety -crilcal  airborne  digital  control  systom  The 
prime  objective  o<  the  programme  was  to  identify  and 
demonstrate  the  design  mothodology  and  airworthiness 
criteria  necessary  for  flight  certification,  and  hence 
throughout  tho  programme  the  control  systom  was  treated 
as  though  intended  lor  production. 


•  • 


•  i 


•  i 


•  i 


•  i 


i 

i 


Pmemeri  at  an  AG/1  A  J  Meeting  on  Ttchnoiopa  for  Hitfity  Manoeuvrable  Aircraft',  October  199X 


<& 


4-2 


Using  a  Jaguar  aircraft  (Figure  2),  a  quadruple*  digital 
control  system  was  designed,  no  o* metrical  or  mechanical 
back-up  f\l'i  was  provided,  making  the  system  the  world's 
most  advanced  digital  flyby-wiro  system  at  that  time.  The 
programme  successfully  flight  demonstrated  o  stall  depar¬ 
ture  and  spin  prevention  system  and  the  ability  to  control 
an  airframe  which  was  significantly  unstable  in  pitch  and 
yaw.  The  aircraft  was  powered  by  two  Rolls-Royce/ 
Turbo  meca  Ad  our  engines,  each  controlled  by  a  Mechan¬ 
ical  Engine  control  unit.  The  aircraft  did  not  include  any 
autothrotll©  modes  as  this  was  not  a  demonstration  re¬ 
quirement. 


Figure  2.  Jaguar  Fly-By-Wiro  Aircraft 


Hjv  og  successfully  demonstrated  the  safe  and  practical 
engineering  of  a  full  time  dig.tai  flyby-wiro  system.  British 
Aerospace  approached  thc>r  next  combat  aircraft  design 
with  confidence. 

2.3  Experimental  Aircraft  Programme  (EAP) 

The  purpose  of  the  Experimental  Aircraft  Programme  (EAP) 
was  the  flight  demonstration  of  technologies  for  a  future 
European  Combat  Aircraft  (now  called  EuroTighter  2000). 
The  programme,  which  was  funded  jointly  by  MoD  and  in¬ 
dustry  began  m  1963  and  spanned  the  following  7  years. 
The  first  flight  was  achieved  in  August  1966  some  3  years 
after  initial  drawing  issue. 

The  performance  requirements  for  the  EAP  aircraft  re¬ 
sulted  in  a  closely  coupled  canard-delta  configuration 
(Figuro  3)  with  high  'eve Is  of  longitudinal  instability  and 
aircraft  performance.  The  practicality  of  this  type  of  con¬ 
figuration  is  made  possible  by  the  availability  o<  flyby-wire 
system  technology,  the  controllability  of  the  vehicle  is  de¬ 
pendent  upon  the  FCS.  The  FCS  comprised  a  full-time  full 
authority  flyby-wire  quadruptex  digital  system  based  on 
the  Jaguar  Hy*by-w»re  system  but  with  higher  performance 
FCS  hardware  m  order  to  control  the  increased  levels  of 
baste  airframe  instability:  ie.  faster  digital  computing, 
higher  bandwidth  actuation  systems  and  reduced  levels  of 
feedback  signal  noise  filtering  (for  structural  vibration  and 
digital  aliasing  effects). 


Figuro  3.  EAP  Aircraft 


Specific  features  demonstrated  by  the  EAP  aircraft  were 
high  angle  of  attack  at  moderate  speeds,  a  departure  pre¬ 
vention  system  at  high  angles  of  attack  and  an  automatic 
g-iimifmg  syl  em.  The  aircraft  was  powered  by  two  Rolls- 
Royce  R3199  engines,  each  of  which  was  controlled  by  a 
duo-duplex  OECU.  The  aircraft  did  not  incorporate  an 
autothrottle  since  this  was  not  required  as  pad  of  the 
technology  demonstration. 

The  technolog  es  demonstrated  on  the  EAP  aircraft  were 
modern  cockpit  displays,  av  omes  systems  integration,  ad¬ 
vanced  aerodynamics,  advanced  material  construction  and 
active  control  (References  4.5).  The  success  of  the  pro¬ 
gramme  provided  a  so  ltd  foundation  for  the  design  of  the 
Eurofighter  2000. 

2.4  Euroflghttr  2000 

The  Eurofighter  2000  aircraft  design  and  development 
(Reference  6)  is  taking  full  advantage  of  the  technologies 
developed  and  lessons  learned  from  the  EAP  and  will  pro¬ 
vide  an  advanced  hign  performance  agile  combat  a-rcraft 
for  the  Air  Forces  of  the  UK.  Germany.  Italy  and  Spam 

The  canard-delta  configuration  (Figure  4)  is  similar  to  that 
of  the  EAP  aircraft  but  has  been  optimised  to  mret  the  re¬ 
quirements  of  the  four  partner  nations.  Th,t  airframe  is 
aerodynamically  unstable  m  pitch  aid  yaw  nd  therefore 
relies  on  a  full-time  fly-by-wire  flight  vont>',l  s/stem  tor 
stabilisation.  7  he  instability  levels  exceed  those  of  the  EAP 
and  hence  further  advances  in  FCS  hardware  technology 
have  had  to  be  made  m  order  to  stabilise  and  control  the 
aircraft. 


Figure  4.  Eurofighter  2000  Aircraft 


The  digital  flight  control  system  is  quadruples  wuh  no  me¬ 
chanical  or  analogue  jack-up  The  control  laws  have  been 
designed  to  provide  excellent  handling  qualities,  carefree 
manoeuvring  .  automatic  fuel/storo'state  glimrtmg  and 
autopilot/  autothrottle  integrated  modes 
The  first  two  prototypes  for  Eurofighter  2000  are  to  b* 
powered  by  two  Rolls-Royce  RB199  engines  each  with 
duo-duplex  OECUs.  these  engines  are  to  be  replaceo 
within  two  years  by  Eurojct  EJ200  engines.  The  other  five 
prototypes  and  the  production  aircraft  are  to  be  powered 
by  Eurojef  EJ200  engines  Tho  aircraft  has  pJot-solcctable 
autopilot  modes  which  issue  autothrottlo  commands  from 
the  FCS  to  the  OECU  via  the  FCS  databus:  the  pilot's 
throttle  levers  'follow-up’  the  throttle  commands  (it  .s 
noted  that  all  throttle  commands  are  transmitted  to  the 
PCS  via  the  FCS  databus) 

2.5  Integration  of  Flight  and  Powerpfant  Controls 

The  above  sections  outline  BAe’s  significant  experience  m 
thQ  design  cf  fly-by-wire  flight  control  systems  for  military 
aircraft,  both  analogue  and  digital  For  each  aircraft  de¬ 
scribed.  any  command  integration  between  tho  FCS  and 
PCS.  such  as  m  ,nt  bo  required  during  flight  re-fueling  o' 
landing  approac  is  generally  performed  by  the  pilot  The 
autothrottle  modes  available  on  Tornado  and  Eurofighter 
2000  p-ovidr  a  form  of  integration  and  an  associated  re¬ 
duction  in  p.  ot  workload  Tho  form  'integration'  can  bo 
•nturpretod  i  many  ways  and  covers  different  types  of 
system,  a?  dentified  m  Figure  5* 


o 


% 


1 


j 


i 


< 


•  •  4 


•  4 


•  4 


•  4 


4 


•  4 


•  •  4 


4-3 


I)  Independent  FCS  end  PCS 

Aerodynemle  Aerodynemle 

tncepfor*  ^nHB  ^  Control* 

Pwerplsnt  w  >.  Fowerptent 

fneepfor*  'Um  ^  Control* 


U)  Auto-Throftle 


Aerod/nsmlc 
Incept  ors 


PowwpUm 

incipiow 


A*fo4yn*m»c 

Control* 


Powwp1** 

Control* 


ill)  Integrated  Command  Syttwn 


Iv)  Integrated  night  ft  Powerpiant  Control  Sysitm 


Figure  5.  Integration  of  Flight  and  Powerpiant  Control* 


i)  ‘NDGPcNDENT  FCS  AND  PCS  ■  integration  is 
performed  manually,  with  the  Pilot  using  his 
mceptors  (or  (light  and  powerpiant  controls  in 
a  co-ordinated  manner:  Ihu  pilot  uses  skill  and 
anticipation  to  achieve  the  required  response. 

ri)  AUTO-THPOT7LE  -  the  FCS  commands  the  t‘  rottle 
opening  with  associated  driving  or  follow-up  of 
the  tnrottle  lever  in  the  cockpit.  It  is  an 
optional  mode,  usually  of  lower  integrity  than 
the  baseline  system  and  it  is  not 
safety-critical,  since  the  system  can  be 
disengaged  and  the  aircraft  flown  manually. 

in)  INTEGRATED  COMMAND  SYSTEM  -  the  commands 
from  the  pilot's  mceptors  are  distributed 
between  the  flight  and  powerpiant  controls.  II 
FCS  docs  not  utilise  any  feedback  from  the  PCS. 
The  powe'plan:  operation  becomes 
safety- critical  il  it  is  essential  for  flight 
control;  i  e.  it  is  configuration  dependent. 

tv)  IFFCS  -  Similar  to  m)  except  the  information 
exchange  is  two-way  and  the  systems  arc 
interdependent:  the  FCS  utilises  feedback 
information  from  the  PCS  to  modify  its  internal 
state  (for  example,  to  prevent  integrator 
wmd-up  when  powerpiant  saturation  occurs)  to 
achieve  a  co-ordinated  response.  Similarly. 

Ihe  PCS  might  modify  its  internal  state  based 
on  the  FCS  commands:  for  example,  to  reduce  Ihe 
engine  stall  margin  in  order  to  increase  the 


powerpiant  performance.  For  an  IFPCS.  the 
powerpiant  operation  Is  safety-critical,  since 
it  is  essential  for  flight  control  Some 
configurations  require  an  IFPCS  for 
contro'lability. 

This  progression  of  technology  results  in  increasing  sys¬ 
tem  complexity  bul  provides  improved  aircraft  perform¬ 
ance  and  reduced  pilot  workload  in  terms  of  aircraft 
handling,  enabling  the  pilot  lo  concentrate  on  his  other 
operational  tasks. 

The  remainder  of  this  paper  concentrates  on  some  of 
8Ae  s  current  and  future  research  and  development  activ¬ 
ities  in  the  field  ol  integrated  flight  and  powe- plant  control 
systems  design  The  aim  of  this  work  is  to  extend  the 
well-established  FCS  technology  to  cover  extensive  inte¬ 
gration  with  the  powerpiant  to  provide  reduced  pilot  work¬ 
load  and  improved  aircraft  performance,  relative  to  an 
aircraft  with  independent  systems. 

Figure  6  shows  the  natural  progressive  development  of 
PCS  technology  from  Tornado  through  to  Eurofighter  20C0 
and  in  paiallel.  some  other  fly-by-wire  FCS  design  activ¬ 
ities.  notably  the  VAAC  Harrier  and  IFPCS  research  pro¬ 
grammes  which  are  oeccnbed  be  lew. 


A  VECTORED  THRUST  AIRCRAFT  ADVANCED  FLIGHT 
CONTROL  (VAAC)  RESEARCH 

XI  Reckground 


VAAC  la  a  UK  Ministry  of  Defence  programme  with  the 
objective*  of  flight  demonafrallon  of  advanced  VSTOL  Right 
control  and  handling  qualities  assessment  techniques 


Figuro  6.  Relationship  Getwoon  Programmes 


Figure  ?  VAAC  Hamer 

(Photo  Courtesy  of  Defenco  Rosoarch  Agency) 
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(Reference  7).  Studies  are  taken  through  piloted  ground- 
based  simulation,  to  fSfglrt  demonstration  m  the  Defence 
Research  Agency's  (ORA)  project  aircraft  (Figure  7).  The 
aircraft  Is  a  Harrier  T4  two-seat  trainer  which  has  been  fit¬ 
ted  with  an  experimental  digital  flight  control  system,  de¬ 
signed  to  permit  a  wide  range  cf  experimental  control  laws 
to  be  flown  safely. 

As  part  of  the  VAAC  programme.  BAe  have  designed  a 
'two  inceptor'  pitch  flight  control  Itw  for  tho  experimental 
FCS.  This  control  law  provides  commands,  as  outputs 
from  the  sircraft's  flight  control  computer,  to  tailplane.  flap, 
nozzle  und  throttle,  and  therefore  provides  a  form  of  inte¬ 
gration  with  the  powerplant  control  system.  This  arrange¬ 
ment  in  terms  of  Figure  5  :*  described  as  an  'Integrated 
Command  System .  but  is  »tot  regarded  as  a  fully  inte¬ 
grated  flight  and  powerplant  control  system  since  the 
commands  for  thrust  %re  made  througn  the  hydro- 
mechamcal  engine  control  system. 

3.2  *Ae  2-lmptor  Pitch  Control  Law 

The  pitch  control  law  is  based  on  a  two  inceptor  control 
strategy  (‘Hands  On  Throitie  And  Stick')  which  comoircs 
the  benetits  of  a  modern  pitch  rate  demand  response  type 
in  wing-borne  flight,  with  a  highly  automated  STOVL  sys¬ 
tem  capability,  enabling  flight  down  to  the  hover.  Th.s 
philosophy  »s  aimed  pilots  of  conventional  combat  air¬ 
craft.  who  should  adapt  quickly  to  flying  tho  Harrier  aircraft 
with  this  control  strategy  which  p'ovides  major  pilot  work¬ 
load  reduction  A  visible  and  logically  arranged  control 
law  structure  and  simple  well-proven  control  law  functions 
have  been  used  to  expedite  the  practical  issues  of  imple¬ 
mentation  and  verification  Known  physical  effects  are 
separated  out  within  the  control  law  to  simplify  the  subse¬ 
quent  design  of  gam  schedules. 

The  key  features  of  the  control  <aw  are: 


•  Two  inceptor  control  strategy 

-  Proportional,  Integral  and  Derivable  fPlO) 
controllers 

-  Pitch  rato  demand  In  wing-borne  flight 

•  Height  rate  demand  in  jet-borne  flight 

-  Continuous  blending  of  modes  via  airspeed 
schedules 

-  'Control-hierarchy'  to  determine  thrust  vector 
priorities 

-  'Decoupled  control'  in  inertiai  axes  for 
jet-borne  flight 

-  Cutouts  for  tailplane.  throttle,  nozzles  and 
flaps 

3.3  Simulation  Results 

Figure  8  shows  the  simulated  response  of  the  aircraft  with 
the  control  law  for  a  vertical  take-off.  followed  by  a  maxi¬ 
mum  accelerating  transition  to  wing-borne  flight.  The 
nonlinear  nature  of  the  system  is  evident  from  the  re¬ 
sponses.  which  show  well-controlled  behaviour  throughout 
the  rapid  transition  to  w:ng-borne  flight  (hover  to  200  knots 
takes  approximately  20  seconds)  The  aircraft  begins  to 
'‘limb  at  140  knots,  as  the  height  rate  con'roller  is  phased 
out  and  the  aircraft's  hft  increases  with  speed.  The  pilot 
would  from  this  point  onwards.  fly  the  a* craft  like  a  con¬ 
ventional  aircraft  v*a  the  control  law's  pitch  rate  demand. 

Similar  wcit-controllod  nonlinear  time  histories  a  e  ob¬ 
tained  for  simulation  of  the  aircraft  with  the  control  !iw  for 
rapid  decelerating  transitions  from  wing-borne  flight 
through  to  jet-fcornc  flight  (200  knots  to  the  hover  is 
ach.eved  in  approximately  28  seconds). 


3 


9 


I 

i 


< 


•  • 


i 


1 


< 


1 

i 

i 


Figure  0  VAAC  H«rr*ar  -  Flight  and  Simulation  Bosons  Compared 
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3.4  Manned  Simulation  and  Right  Tost  Results 

A  substantial  amount  ot  piloted  simulation  work  has  been 
performed  at  both  BAe  and  OPA.  during  the  development 
ot  the  control  law.  Ourmg  the  simulation  trials,  the  pilots 
were  provided  with  real*M>c  operational  tasks  and  asked 
to  give  Cooper-Harper  Ratings  for  the  tasks  The  piloted 
simulation  resufts  were  considered  to  be  very  satisfactory 
with  the  system  exhibiting  average  Cooper-Harpc'  R  mngs 
better  than  3  5  fc  most  cases  The  simulation  trials 
showed  that  although  the  syMem  was  found  to  be  easy  to 
fly  by  non-VSTOL  pilots.  Harrier  pilots  found  it  necessary 
to  re-adjust  their  technique,  relative  to  their  current  Hamer 
piloting  experience. 

To  date,  the  VAAC  Hamer  aircraft  has  made  several  suc¬ 
cessful  High's  with  the  BAe  control  law.  covering  deceler¬ 
ating  transitions  from  wmg-berne  flight  at  250  knots  down 
to  jet-bo:  na  flight  in  the  hover.  Figure  9  shows  an  excel* 
lent  match  between  the  flight  tes:  and  simulated  results  for 
a  30  second  extract  from  the  flight  recording  at  220  knots. 

The  two  mceptor  control  strategy  and  response  type  are 
considered  to  be  appropriate  to  future  STOVL  configura¬ 
tions  as  well  as  updates  of  the  production  Hamer.  Similar 
strategies  have  already  been  applied  to  other  BAe  STOVL 
project  aircraft  (simulation  phase  only)  and  %,  simitar  strat¬ 
egy  is  being  applied  to  a  RULS  (Remote  Unaugmented  Lift 
System)  aircraft  as  pa*t  of  the  Integrated  Flight  and 
PowcrpUnf  Control  Systems  programme,  as  described 
below. 


4.  INTEGRATE!)  FLIGHT  AND  POWERPLANT  CONTROL 
SYSTEMS  DEMONSTRATION  PROGRAMME 

4.1  Background 

IFPCS  is  complementary  to  the  VAAC  programme  and  is 
sponsored  jointly  by  the  UK  Ministry  of  Defence.  British 
Aerospace  and  Rolls-Royce  (Reference  8)  The  mam  ob¬ 
jective  of  If  PCS  is  cost-effective  rig  demonstration  ot  the 
key  control  system  technologies  required  tor  the  next 
generation  of  combat  aircraft,  irrespective  of  the  aircraft 
configuration.  The  programme  currentty  involves  British 
Aerospace  Defence  Limited  and  Rolls-Royce  PLC  and  «s 


divided  into  Systems  Activities’  wmch  arc  n.amly 
hardware-oriented  (e.g.  equtpmen;  specification  and  pro¬ 
curement)  and  Control  Activities  which  are  m»mly 
soft waro-or tensed  (e  g.  control  laws  cesign  and  specifica¬ 
tion). 

The  IFPCS  programme  consists  of  three  phases. 

-  Phase  1.  comprised  high-level  configuration 
studies  covering  feasibility  and  design  concepts 
for  an  IFPCS  and  Ihe  system  requirements  for 
several  a«rcraftfongme  combinations.  Advanced 
Vectored  Thrust.  Remotely  Augmented  Lift  System 
(RAIS)  and  Tilting  Nacelles  ('P?03\  Figure  10  and 
Reference  9)  configurations  were  studied 

-  Phase  2.  utilised  tho  results  from  the  USfUK 
ASTOVL  four  concept  studies  to  focus  and  extend 
tne  wor*  previously  completed.  This  phase 
encompassed  design  of  the  IFPCS  control  aws  and 
established  the  overall  system  design,  mc’udmg 
preliminary  specifications  for  the  IFPCS 
equipment  and  the  demonstration  n g. 

-  Phase  J.  »s  the  system  development  phase  ard  will 
include  'pilot-m-the-Joop'  simulation 
assessments  ot  the  IFPCS  control  laws  and 
demonstration  of  IFPCS  technologies  on  a  ground 

r«g. 

The  reason  for  choosing  tu  demonstrate  the  sFPCS  on  a 
ground  rig  is  cost-effectiveness:  most  of  the  risk  reduction 
can  be  acmeved.  at  a  fraction  of  the  cost  of  a  flying  dem¬ 
onstrator  and  without  needing  commitment  to  any  partic¬ 
ular  aircraft  configuration.  Once  the  next  combat  aircraft 
is  defined.  IFPCS  technologies  will  be  available  for  -ncor* 
porat.on  into  a  flying  technology  demonstrator 

The  approach  to  integrated  control  considered  .r*  the 
IFPCS  programme  has  been  to  consider  functionary  inte¬ 
grated.  but  physically  separate  control  systems.  Func¬ 
tional  integration  is  achieved  by  sharing  data  between 
flight  anq  powerplant  computers  m  order  to  modify  the  FCS 
commands  and  the  resulting  PCS  responses  The  engine- 
mounted  Powerplant  Control  Computers  and  airframe 
mounted  Flight  Control  Computers  are  to  be  linked  by  the 


Figure  10.  P103  Project  Aircraft , IFPCS  Ph**o  t) 
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safety-critical  FCS  dalabos  enabling  two-way  data  flow  be¬ 
tween  thu  separate  computers.  This  offers  all  the  benefits 
of  integration  whilst  permitting  development  cf  airframe 
and  engine  to  be  target}  independent. 

The  Control  Activities  wcrV  hats  concentrated  on  the 
airframe  aspens  of  an  IFPCS  such  as  configuration  defi¬ 
nition  and  modelling,  control  laws  design  and  specification, 
and  simulation.  The  emphasis  in  this  paper  is  on  the  Con¬ 
trol  Activities  work,  however  the  Systems  Activities  are 
summarised  in  Section  4.6. 


4.2  Aircraft  Configurations  Studied 

Phase  1  of  the  IFPCS  programme  preyed*  J  the  US/UK 
ASTOVL  aircraft  studies  and  considered  a  variety  of  con¬ 
figurations  tn  terms  of  high-level  concepts.  Although  the 
IFPCS  programme  is  aimed  to  be  generic  in  terms  of  its 
application  to  future  configurations,  it  was  necessary  to 
provide  a  realistic  focus  for  the  Control  Activities  m  Phase 
2  of  the  programme.  Two  potential  future  aircraft  config¬ 
urations  based  on  the  Pl!2  airframe  (Figure  It)  were  se¬ 
lected  for  more  derailed  studies,  including  the  design  of 
integrated  flight  control  laws: 
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Figure  12.  IFPCS  Study  Vehicle  -  Configuration  1  Showing  Primary  Controls 


CONFIGURATION  1.  is  a  5TOVL  muR'-rcie  fighter  design 
(Figure  12),  which  provides  a  particularly  demanding  ap- 
plication  cf  an  IFPCS  Tho  configuiation  incorporate*  an 
engine  which  can  generate  either  direct  i*ft  through  a  three 
poster  arrangement  with  a  remotely  unaugmented  lift  sys¬ 
tem.  or  anal  thrust  through  a  single  non- vectoring  rear 
cruise  nozzle.  for  conventional  wing-borne  (light  A:  low 
airspeed  a  reaction  control  system  suppferrr  n  the  pitch, 
roh  and  yaw  control  oower  available  from  .  mventiona! 
control  surfaces.  The  aircraft's  reaction  control  valves  are 
located  at  the  rear  fuseiage  and  wing  tips. 

The  baseline  engine  for  Configuration  t  is  a  Roll*-ftoyce 
concept,  the  general  configuration  of  which  is  shown  .« 
Figure  13.  The  engine  operates  in  two  modes. 

FLIGHT  mode  with  cere  and  bypass  flow  passing 
out  of  the  rear  nozzle.  with  reheat  available 

•  LIFT  mode  with  core  Povr  passing  out  o*  the  rear 
vectoring  Lft  nozzles  and  bypass  flow  reaving 
the  forward  vectoring  nozzle. 

The  engine  mode  change  is  to  be  made  by  p*tct  selection. 


Flight  Mode  (Mixed  Flow) 


Uft  Mode  (Unmbced  Flow; 


Figure  t3  Schematic  Arrangen-ens  of  IFPCS 
Powerptant  (Configuration  1) 


resulting  m  internal  valve*  vnthm  the  engine  performing 
the  transited  from  one  mode  to  the  other,  the  flight  control 
mod  mg  changes  simultaneously  in  an  integrated  manner. 
10  maintain  aircraft  control  in  the  lift  mode,  forward  and 
rear  nozzle  vectoring  can  be  performed  independently,  and 
it  vr.ll  be  possible  to  vary  the  differential  thrust  between 
forward  and  rear  nozzles  This  will  enable  the  aircraft  to 
trim  at  different  attitudes  and  cover  a  range  of  centre  u< 
gravity  states. 

CONFIGURATION  2  is  a  CTOL  agile  combat  aircraft  (Figure 
t<)  has  a  single  vectoring  rear  cruise  nozzle  which  ta.i  bo 
vectored  in  pitch  and  yaw,  Tho  nozzle  can  bo  used  to 
compensate  fo.  diminishing  aerodynamic  contro*  with  »n 
creasing  aircraft  incidence,  enabling  pcst-staJt  manoeuvr¬ 
ing  The  powerplant  for  this  configuration  is  based  on  a 
conventional  turbofan  A:  low  airspeeds  or  high  incidence 
a  reaction  control  system  is  available  to  supplement  the 
roil  and  yaw  control  power  from  the  aerodynamic  controls. 
The  aircraft’s  reaction  control  valves  are  located  at  the  rear 
fuselage  and  wing  tips. 

O  ftfodetUng  Actlritfsc 

To  allow  IFPCS  design  and  assessment  ar.  aerodynamic 
description  rf  the  two  configurations  has  been  created, 
covering  fundamental  aerodynamics,  ict/airframe  inter* 
action,  nozzle  vectoring,  ground  effects,  intake  momentum 
and  hot  gss  r congestion. 

The  aerodynamic  data  was  compiled  from  theoretical  pre¬ 
diction  methods  and  existing,  representative  wind  tunnel 
test  data,  extrapolated  by  use  of  available  h>gh  incidence 
nat<~  The  jet-mduced  aerodynamic  data  was  compiled  by 
blending  the  most  relevant  experimental  data  from  a  vari¬ 
ety  of  sources,  augmetzed  with  predictions  and  extrapo¬ 
lations. 

Two  oowerplant  models  fer  the  IFPCS  activities  were  pro¬ 
vided  by  RoHs-Royce:- 

•  A  Simple  Powerplant  Model  which  includes  major 
dynamic  characteristics  and  n  suitable  for 
contro!  strategy  and  initial  control  law 

studies. 

•  A  Detailed  Powerplant  Model  which  includes 
Ihermodynamic  relationships  ard  gas  dynamics  and 
•s  aimed  a;  more  detailed  investigations  of 
control  system  oertormanc 
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Figure  ts  IFPCS  Study  Vehicle  •  Configuration  2  Showing  Primary  Controls 


7ne  FCS  hardware  models  assumed  in  the  design  studios 
are  based  on  state-of-the-art  technology  and  cove  *  nonlin¬ 
ear  actuation  systems  (including  authority,  rate  and  accel¬ 
eration  l-mits).  air  data  and  merfal  sensors,  digital 
computing  delays  and  an  allowance  for  structural  mode 
and  ant.-aliasmg  filtering 

The  components  of  the  model  are  ccmbmed  to  produce 
unaugmented  'total  aircraft  models'  (Figure  15).  for  Con¬ 
figurations  1  and  2.  which  form  the  basis  for  iFPCS  control 
laws  design  arid  .ion-linear  simulation.  The  models  are 
modular,  portable  and  coded  in  FORTRAN  to  allow  ease  of 
transfer  to  the  manned  simulator  and  other  facilities,  such 
as  the  leal-time  demonstrator  rig  proposed  for  Phase  3  of 
the  IFPCS  activities. 


4.4  Control  Laws  Design 
4.4.1  Cunflguratlon  1 

IFPCS  Configuration  1  is  a  representotive  vehic’a  for  study 
of  the  control  problems  likely  to  be  encountered  on  ad¬ 
vanced  STOVL  designs.  The  control  laws  design  task  for 
Ih.s  aircraft  is  very  complex  and  involves  the  control  of  the 
aircraft  bv  a  combination  of  thrust  magnitude,  front/rear 
thrust  3 p lit  (and  he>ice.  powe'plant  pitching  moment),  front 
and  rear  nozzle  angles,  reaction  controls  and  aerodynamic 
surfaces,  the  vehicle  cannot  be  practically  controlled  di¬ 
rectly  by  the  pilot  and  an  IFPCS  »s  therefore  considered  to 
be  necessaiy  m  cider  to  mdnage.the  motivators  m  an  effi¬ 
cient  and  co-ordmdted  manner.  The  system  must  cater  for 
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Figure  16  IFFCS  Schematic  Control  Law  Arrangement  (Configuration  1) 
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the  range  of  possible  saturation  states  which  will  naturally 
arise  as  control  boundaries  are  encountered;  this  entails 
the  feedback  of  powerplant  sensor  data  into  the  FCS.  in 
order  to  take  appropriate  action. 

A  'Hands  on  Throttle  and  Stick'  (HOTASj  philosophy  has 
again  been  adopted  so  that  flying  is  a  two-handGd  task.  The 
resulting  two  nceptor  system  contains  many  of  the  design 
concepts  of  the  BAe  VAAC  control  law  described  above 
and  provides  a  reduction  in  pilot  workload  compared  with 
a  three  inceptor  arrangement. 

The  high-level  arrangement  of  the  contra!  laws  for  Config¬ 
uration  1  is  shown  in  Figure  16.  the  key  features  being: 

-  Two  inceptor  control  strategy 

•  Proportional  and  integral  (PI)  controllers 

•  Pitching  moment  distribution  functions 

•  Vectored  thrust  equations 

-  'Control-hierarchy'  to  determine  thrust  vector 
priorities 

-  Nonlinear  'Decoupled  control' 

-  Outputs  for  foreplane,  flaps,  rudder,  reaction 
controls,  nozzles  total  thi  jst  and  differential 
thrust. 

The  inceptor  functions  are  scheduled  with  speed  (Figure 
17)  to  provide  continuous  control  of  the  aircraft  in  a  natural 
and  transient-free  manner,  thereby  maintaining  consistent 
aircraft  handling  qualities  throughout  the  transition  region. 
At  low  speed,  the  left  hand  .nceptor  is  si  to  a  throttle 
lever  (figure  18)  and  controts  axial  acceit  n.  The  right 
hand  inceptor  is  a  conventional  centre  she  id  controls 
height  rate  ard  bank  angle.  At  high  speed  the  mceptors 
control  thrust,  pitch  rate  and  roll  rate,  as  on  a  conventional 
aircraft.  The  rudder  pedals  are  used  to  control  yaw  rate 
at  low  speed  and  3'deuiip  at  high  speed. 

4.4.3  Configuration  2 

The  control  laws  for  Cerfiguration  2  ore  based  on  the  EAP 
aircraft's  laws  in  the  region  of  the  flight  envelope  where 
adequate  pitch  control  power  is  available  from  the  Haps 
and  foreplanes.  The  EAP  laws  have  been  extended  into  tho 


post-sta.i  regime  by  'blending  in'  cruise  noz  ie  vectoring 
in  pitch  and  yaw,  and  maintaining  control  as  the  aero¬ 
dynamic  control  power  effectiveness  decreases,  i.e.  the 
flight  envelope  is  extended  to  beyond  that  available  with 
aerodynamic  controls  alone.  The  PCS  is  required  to  pro¬ 
vide  an  estimate  of  current  thrust  in  order  for  the  FCS  to 
establish  the  vectored  thrust  control  power  and  therefore 
determine  the  vectored  thrust  command  gains  within  the 
control  laws. 

The  functionality  of  the  Configuration  2  in*  jptors  is  essen¬ 
tially  the  same  as  for  conventional  aircraft  with  the  pitch 
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slick  commanding  pitc.i  rate  at  low  incidence,  blending 
into  incidence  demand  at  moderate  to  high  Incidence.  The 
lateral  stick  commands  wind-axis  roll  rate  and  the  rudder 
pedals  control  sideslip  via  a  sideslip  suppression  system. 
The  high-level  arrangement  of  the  control  laws  for  Config¬ 
uration  2  is  similar  to  that  shown  in  Figure  16  but  withou 
the  vertical  speed  controller  and  vectored  thrust  equations. 

4.5  Simulation  Rasufts 

The  results  presented  in  Figure  19  show  the  responses  for 
Configuration  1.  to  a  1  Metre/Second  height  rate  demand 
from  the  right  hand  inceptcr  at  the  hover  condition.  The 
height  rate  response  is  clearly  well-controlled  and 
deadbeat  and  is  essentially  achieved  by  simultaneously 
increasing  front  and  rear  thrust  magnitudes.  The  change  in 
pitching  moment  is  corrected  by  transient  use  of  the  re¬ 
action  control  system  to  provide  attitude  hold. 

The  results  presented  in  Figure  20  show  tl  t  -esponscs  for 
Configuration  1.  to  a  0.1  g  longitudinal  acceleration  de¬ 
mand  from  the  left  hand  inceptor.  at  the  hover  condition 
The  acceleration  response  »s  also  well-controlled  and 
deadbeat  ano  is  essentially  tne  resutt  of  rear  nozzle  de¬ 
flection.  Pitch  interaction  is  minimised  by  the  control  laws. 

The  results  presented  »n  F  gure  °t  show  *he  responses  for 
Configuration  1  .o  a  commanded  change  in  pitch  attitude. 


via  the  system's  attitude  trim  facility  (optional  secondary 
inceptor).  The  attitude  response  is  again  well-controlled 
and  deadbeat,  and  interaction  wrh  height  rate  control  is 
negligible. 

It  is  noted  that  in  3tl  th.  a~ove  examples  the  rHrimming 
of  the  vehicle  is  achieved  by  rebalancing  the  thrust  vector 
and  the  reaction  control  valve  is  closed  m  the  steady-state, 
as  required  for  < v  tency. 

4.6  Systems  Activities 

In  parallel  with  the  Control  Activities,  the  Systems  Act  v- 
ities  part  of  IFPCS  has  addressed  the  implementation  as¬ 
pects  of  an  IFPCS  and  has  covered  system  requirements, 
architecture,  preliminary  equipment  specifications  and 
qualification  requirements  This  work  has  defined  a  triplex 
IFPCS  architecture  W  the  system  (Figure  22)  with  the  fol¬ 
lowing  features: 

-  Functional  integration  of  flight  control  and 
powerplant  control 

■  Common  integrated  inertial  sensors  for  flight 
control  and  navigation 

-  Safety-critical  di'ect  links  to  fuel  and  stores 
management  systems 


Figure  19.  IFPCS  Configuration  1  •  Height  Rate  Demand  in  the  Hover 
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Figure  20.  IFPCS  Configuration  1  -  Acceleration  Demand  in  the  Hover 
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Figure  21.  IFPCS  Configuration  1  *  Pitch  Attitude  Change  in  the  Hover 


-  Modular  avionics  packaging,  where  apphcr  yt 

-  Safety-critical  displays 

-  Fibre  optic  da'abus  (DoD-STO-1773) 

-  Direct  drive  primary  and  secondary  actuators 

•  Advanced  leading  edge  system 

-  Reaction  control  valves  directly  controlled 

-  High  performance  vectoring  nozzles 

The  System  Activities  have  not  been  configuration  specific 
and  the  technologies  considered  are  applicable  to  a  wide 
range  of  combat  aircraft. 

4.7  IFPCS  Future  Work 

Phase  2  of  the  programme  was  completed  in  August 
1932.  having  developed  control  law  designs  and  estab* 
lished  an  overall  system  design.  Phase  3.  which  will 
commence  during  1993.  is  essentially  a  systems  develop¬ 
ment  phase  and  will  include. 

•  'piloi-m-tho-loop'  simulation  assessment  of  the 
control  laws 

-  Finalisation  of  riQ  equipment  specifications 

-  Tendering  and  supplier  selection 

-  Equipment  design  and  manufacture 

•  Equipment  acceptance  testing 

-  Integration  testing 

-  Full  system  rig  testing  and  demonstration 

In  other  words,  all  the  activities  necessary,  prior  to  the  in¬ 
stallation  of  a  system  m  a  flight  demonstrator  aircraft. 


5.  CONCLUDING  REMARKS 

Building  on  the  Fly-By-Wne  FCS  design  experience  gained 
on  the  successful  Tornado.  Jaguar  Fly-by-wtre  and  Exper¬ 
imental  Aircraft  Programme,  and  their  application  to 
Eurofighter  2000.  further  design  studies  have  been  under¬ 
taken  by  BAe  as  part  of  a  co-ordinated  FCS  design  strat¬ 
egy.  with  particular  empnasis  on  the  benefits  cf  integrating 
the  traditionally  separate  flight  and  powerplant  control 
systems. 

The  studies  performed  on  the  VAAC  Harrier  project  hava 
covered  the  design,  piloted  simulation  and  flight  demon¬ 
stration  of  two  inceptor  pitch  control  laws  for  an  exiting 
VSTOl.  aircraft  and  have  shewn  a  reduction  in  pilot  work¬ 
load.  relative  to  a  three  inceptor  arrangement.  (I  is  hoped 
to  further  develop  the  control  laws  as  part  of  the  c  i-gomg 
VAAC  programme,  to  consider  'outer-loop’  inodes  si*ch  us 
auto-approach. 

The  IFPCS  activities  have  led  to  the  design  of  control  laws 
for  future  3TOVL  and  agile  CTOl.  aircraft:  these  are  to  be 
further  developed  by  oiloted  simulation  curing  the  next 
phase  of  the  IFPCS  programme  which  wnl  contribute  to¬ 
wards  the  demonstration  of  an  IFPCS  using  real  equipment 
on  a  ground  rig.  in  preparation  for  the  UK's  noxt  combat 
aircraft.  For  safety  critical  systems  the  demonstration  of 
real  equipment  provides  the  only  mechanism  for  rigorously 
testing,  and  hence  proving,  new  technologies.  The  IFPCS 
programme  will  enable  UK  Industry  to  maintain  its  position 
as  a  world  loader  in  the  field  of  aircraft  control  system  do- 
sign. 

it  is  considered  that  much  of  the  work  desorbed  *n  this 
paper  is  applicable  lo  the  ctesfgn  of  advanced  flight  control 
systems  for  future  project  aircraft  and  foi  advanced  devel¬ 
opments  of  existing  aircraft  such  as  Harriet 
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Figuro  22.  SrPCS  Triplex  System  Architecture 
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Thrust  Vector  Aided  Maneuvering 
of  the 
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1.  SUMMARY  was  incorporated  and  flown  in  the  YF-22  Advanced  q 

Tactical  Fighter  prototype  to  investigate  and  validate 
In  the  mid  1980s  design  work  began  on  the  U.  S.  Air  the  concept  for  the  production  F-22.  The  airframe. 

Force's  next  generation  air  superiority  fighter.  The  flight  control  system,  and  propulsion  system  were  fully 

F-22  team,  consisting  of  Lockheed.  Bociug.  and  Gener-  integrated.  Thrust  vectoring  commands  were  generated 

al  Dynamics,  embraced  a  design  philosophy  in  which  by  the  aircraft's  flight  control  computers  and  sent  to 

low  observable  technology,  maneuverability,  and  super-  each  engine  controller.  Each  engine  controller  indepen- 

sonic  performance  were  given  equal  consideration.  dently  performed  the  computations  and  issued  the  coin-  ® 

Even  with  low  observable  features  and  long  range  weap-  mands  necessary  to  position  the  nozzle  actuators  to  the 

on  employment  capabilities,  the  team  believed  that  the  correct  vector  angle  while  maintaining  commanded 

probabilities  of  brief,  short  range  air  combat  engage-  thrust  levels  and  engine  stall  margin.  Flight  tests 

ments,  based  on  historical  precedents  and  postulated  fu-  showed  that  thrust  vectoring  provided  major  improve- 

ture  scenarios,  demanded  a  highly  agile  design.  Thrust  ments  in  low  speed  maneuverability,  enhanced  I ci railing 

vectoring  emerged  as  a  key  feature  for  obtaining  the  dc-  qualities  during  tracking,  and  increased  supersonic  sus-  • 

sired  agility  without  adversely  impacting  the  aircraft's  laincd  turn  performance  as  compared  to  current  front 

low  observable  signature.  Thrust  vectoring  technology  line  fighters. 


Presented  at  an  AGARD  Meeting  on  Technologies  for  Highly  Manoeuvrable  A  ireraft  \  October  199.1. 
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2.  LIST  OF  SYMBOLS  AND 


ABBREVIATIONS 

AI 

airborne  intercept 

AOA 

angle  of  attack 

CG 

center  of  gravity 

Cljnsx 

maximum  coefficient  of  lift 

Deg 

degrees 

ft 

feet 

g 

gravitational  acceleration 

hr 

hour 

IFPC 

Integrated  Flight/Propulsion  Control 

INS 

inertial  navigation  system 

IR 

infrared 

IRST 

infrared  search  and  track 

KCAS 

knots  calibrated  airspeed 

kg 

kilogram 

KIAS 

knots  indicated  airspeed 

km 

kilometer 

LO 

low  observable 

m 

meter 

MAX 

maximum  afterburning  power  setting 

MIL 

maximum  dry  power  setting 

RCS 

radar  cross  section 

sec 

second 

VHF 

very  high  frequency 

3.  INTRODUCTION 

Coniracis  for  the  Demonstration/Validation  phase  of  the 
Advanced  Tactical  Fighter  Program  were  awarded  to 
Lockheed  anJ  Northrop  on  October  31,  1986.  Both 
Northrop  and  Lockheed  teamed  with  other  contractors 
to  build  and  flight  test  two  prototype  aircraft  that  incor¬ 
porated  advanced  systems  and  design  concepts  for  the 
purpose  of  technology  risk  reduction.  The  Lockheed 
lead  team  included  Boeing  and  the  Fort  Worth  division 
of  General  Dynamics. 

As  the  design  concept  for  the  F-22  began  to  evolve,  it 
was  concluded  hy  the  team  that  a  highly  agile  fighter  de¬ 
sign  was  required  to  counter  the  anticipated  threats  of 
the  21nI  century.  The  design  objective  was  to  achieve 
a  balanced  blend  of  low  observable  technology,  maneu¬ 
verability  and  supersonic  performance  in  a  reliable  and 
affordable  air  superiority  fighter  aircraft.  Since  low  ob¬ 
servables  dictated  that  the  aircraft  carry  all  weapons  and 
fuel  internally,  the  airframe  was  driven  to  an  F-I5  size 
aircraft.  The  challenge  was  to  get  F-16  responsiveness 
and  maneuverability  into  an  F— 15  size  aircraft.  It  was 
quickly  recognized  that  thrust  vectoring,  along  with  in¬ 
tegrated  flight/propulsion  controls,  was  an  innovative 
technology  that  could  provide  the  desired  agility  while 
maintaining  the  low  observable  characteristics  of  the 
aircraft. 


This  paper  will  discuss  the  thrust  vectoring  technology, 
incorporated  into  the  YF-22  Advanced  Tactical  Fighter 
prototype,  that  was  used  to  demonstrate  "supe man¬ 
euverability"  well  away  from  the  traditional  “corner 
speeds.”  A  brief  description  of  the  YF-22  design  evolu¬ 
tion  with  respect  to  agility,  a  description  of  the  YF-22. 
and  a  description  of  its  thrust  vectoring  system  imple¬ 
mentation  will  be  presented.  A  comparison  of  the  dem- 
onsvated  YF-22  maneuvering  performance  with  re¬ 
spect  to  current  front  line  fighters  will  be  made  to  show 
how  thrust  vectoring  dramatically  improved  agility. 

4.  TEXT 

4.1  The  Historical  Case  for  Agility 

Despite  the  predictions  made  for  the  last  three  decades, 
the  era  when  the  air  superiority  mission  would  consist 
of  launching  long  range  missiles  at  an  adversary  beyond 
visual  range  (BVR)  has  repeatedly  failed  to  materialize. 
In  every  conflict  from  World  War  I  to  .  te  present,  the 
overwhelming  majority  of  air-to-air  engagements  have 
occurred  within  visual  range  and  have  involved  maneu¬ 
vering  to  a  position  suitable  for  employment  short  range 
weapons.  The  team's  simulation  studies  had  shown  and 
continue  to  show  that  close-in  combat  engagements  re¬ 
quiring  short-range  weapons  were  highly  probable  giv¬ 
en  restrictive  rules  of  engagement,  long  range  air-to-air 
missile  kill  probabilities  and  electronic  warfare  effects.1 
In  the  visual  arena,  aircraft  agility  and  pilot  skills  have 
consistently  determined  the  winners  and  losers. 
Postulated  future  air  combat  scenarios  involving  low 
obrervable  fighter  .adversaries  also  appeared  to  support 
the  decision  to  balance  low  observables  with  agility. 

4  J  Low  Observable  Technology  Influence  on  Fu¬ 
ture  Air  Combat 

Employment  *  f  iow  observable  technology  in  fighter 
aircraft  design  has  shown  that  it  can  deny  long  range 
detection  by  radar  or  infrared  means.  The  F-l  17.  a  first 
generation  LO  design  has  already  proven  the  inherent 
advantages  of  low  observable  technology  in  actual  com¬ 
bat.  Current  technology  is  capable  of  much  better  per¬ 
formance. 

Generally  speaking,  the  air-to-air  combat  problem 
against  an  aircraft  incorporating  LO  technology  boiled 
down  to  two  fundamental  problems.  The  first  problem 
was  initi?' detection.  Radar  cross  section  (RCS)  reduc¬ 
tion  techniques  have  been  proven  effective  against  the 
airborne  intercept  (AI)  radars  used  in  fighter  aircraft. 
Detection  ranges  arc  generally  near  or  within  the  visual 
arena.  Ground  based  radars  operating  in  the  VHF  band 
may  bo  able  to  detect  LO  aircraft  at  much  longer  ranges 
but  so  far  they  have  demonstrated  no  capability  to  guioe 
weapons  to  within  a  lethal  radius. 

Once  initial  detection  has  occurred,  cither  by  radar  or 
visually,  the  second  fundamental  problem  appears; 
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achieving  a  weapons  firing  solution.  Radar  is  generally 
used  to  measure  range,  range  rale,  azimuth  and  eleva¬ 
tion  to  the  target  to  pro  vide  data  for  the  fire  control  com¬ 
puter.  Against  a  low  IlCS  aircraft  the  data  provided  by 
the  radar  is  likely  to  lie  noisy  even  at  short  range.  An 
acceptable  "lockon”  nay  not  be  achievable  outside  die 
minimum  range  of  tlx  weapon. 

Weapons  which  require  stable,  accurate  radar  informa¬ 
tion  in  order  to  launch  and/or  guide  could  be  significant¬ 
ly  degraded  against  a  low  observable  aircraft,  even  if  the 
target  is  well  within  visual  range.  Empk>ym?:-i  jf  an  in¬ 
frared  search  and  track  system  (IRST)  in  conjunction 
with  infrared  guided  air-to-air  missiles  may  provide 
only  marginally  better  results  from  the  front  aspect.  In¬ 
frared  signature  reduction  techniques  have  been  able  to 
dramatically  lower  the  detection  and  tracking  ranges. 

Against  low  observable  adversaries,  it  will  be  increas¬ 
ingly  important  to  maneuver  to  the  adversary’s  rear 
quarter  where  the  exliaust  plume  and  engine  hot  pans 
dominate  the  IR  signature  and  where  it  is  the  most  diffi¬ 
cult  to  shield  or  alter  the  IR  signature.  In  the  rear  quar¬ 
ter.  the  importance  of  accurate  ranging  information 
from  either  a  radar  or  laser  range/tracking  device  is 
minimized  since  range  rates  and  angle  rates  are  typical¬ 
ly  less  dynamic  than  its  front  or  beam  aspects. 

As  fighter  aircraft  incorporating  low  observable 
technology  begin  to  er.ter  the  inventory  of  adversaries, 
the  more  likely  that  an  LO  fighter  versus  LO  fighter  en¬ 
gagement  will  occur  and  the  mote  likely  that  the  en¬ 
gagement  will  of  necessity  be  a  close  range  engagement 
using  IR  missiles  or  very  short  range  gun  arracks.  To  be 
sure  there  will  be  adv, races  in  missile  and  AI  radar 
technology  that  may  improve  the  longer  range  engage¬ 
ment  capabilities.  But  lor  the  foreseeable  future  it  ap¬ 
pears  that  short  range  cn;{agcmenls  requiring  maneuver 
to  the  adversary's  rear  quarter  will  be  the  rule  rather  than 
the  exception  for  LO  fighter  versus  LO  fighter  air  com¬ 
bat. 

The  team  concluded  that  trie  probabilities  of  brief,  short 
range  air  combat  engagements,  based  on  historical  pre¬ 
cedents  and  postulated  future  scenarios,  demanded  a 
highly  agile  design  balanced  with  low  observable 
technology. 

4-5  YF-22A  Prototype  Design  Evolution 

General  John  M.  Loh  succinctly  summed  up  the  team’s 
concept  of  balanced  design  when  speaking  of  the  Gulf 
War  and  the  tense  hours  F- 1 5  pilots  spent  flying  barrier 
combat  air  patrols  in  enemy  territory  far  from  Iriendly 
forces.  He  said  ‘'Stealth  would  have  reduced  that 
vulnerability.  But  stealth  aione  doesn't  negate  all 
threats.  The  things  (hat  make  a  fighter  a  fighter  -  agility, 
speed,  the  combination  of  weapons,  and  capabilities 


that  let  us  sweep  our  adversaries  from  the  sky  -  are  still 
the  sine  qua  non  of  air  superiority.”2 

The  Lockheed.  Bccing.  General  Dynamics  team 
adopted  a  philosophy  consistent  with  ether  successful 
air  superiority  fighters  in  that  it  advocated  achieving  the 
highest  possible  first  shot,  fust  Kill  probability.  The  first 
shot,  first  kill  problem  was  addressed  in  terms  of  both 
the  long  range  air-to-air  engagement  and  the  short 
range  maneuvering  engagement. 

At  long  ranges  achieving  the  highest  possible  first  shot, 
first  kill  probability  was  accomplished  by  utilizing  low 
observable  technology  and  long  range  weapons  in  the 
design.  Low  observable  technology  coupled  with  weap¬ 
ons  system  design  was  used  to  prevent  detection  by  an 
adversary  until  the  adversary  was  well  within  lethal 
range  of  the  F-22's  weapons.  The  low  observable  re¬ 
quirements  were  derived  from  known  weapons  employ¬ 
ment  envelopes  and  the  best  estimates  of  projected  fu¬ 
ture  air  and  ground  threats.  However,  the  team 
recognized  that  stealti.  'n  and  of  itself  was  not  the  com¬ 
plete  answer. 

The  team,  firmly  convinced  that  the  era  of  short  range 
air  engagements  was  far  from  over,  believed  that  the  su¬ 
perior  agility  was  the  key  for  achieving  the  first  shot, 
first  kilt  in  the  visual  arena.  Therefore  the  team  em¬ 
braced  the  design  concept  that  “balanced”  low  observ¬ 
able  technology  with  inltcren!  airframe  maneuverability 
to  insure  that  the  F-22  would  always  have  the  first  shot 
opportunity  whether  beyond  visual  range  or  within  visu¬ 
al  range. 

For  the  F-22  to  be  an  effective  fighter  aircraft  well  past 
the  turn  of  the  century,  maneuvering  performance  deci¬ 
sively  superior  to  modem  air  superiority  fighters  such  as 
the  Su-27,  Mig-29.  F— 15  and  F— 16  aircraft  was  re¬ 
quired.  Incorporation  of  the  required  low  observable 
technology  into  a  design  the  equal  of  these  fighters 
would  have  been  a  worthy  achievement  by  itself.  How¬ 
ever,  the  team  set  design  goals  for  instantaneous  and 
sustained  turn  performance,  acceleration,  and  decelera¬ 
tion  (hat  surpassed  current  fighter  capabilities  and  any 
postulated  future  threats.  Superior  supersonic  turn  per¬ 
formance  was  also  emphasized  since  the  YF-22  was  de¬ 
signed  to  ''supercraisc”  -  i.e.  ervise  at  supersonic  speeds 
without  use  of  afterburning.  With  a  supercr uisc  capabil¬ 
ity.  it  was  expected  that  many  air-to-air  engagements 
would  be  entered  from  supersonic  speeds.  Hence  super¬ 
sonic  turn  performance  became  an  area  of  emphasis. 

In  addition  to  the  obvious  performance  implications  of 
a  highly  agile  design,  the  handling  qualities  of  the  air¬ 
craft  were  especially  important  with  respect  to  agility 
since  the  aircraft  was  designed  to  routinely  operate  and 
maneuver  in  both  the  post -stall  and  supersonic  flight  re¬ 
gimes.  One  of  the  best  descriptions  was  stated  by  Jon 
Bceslcy.  Lockheed  Fort  Worth  Company  test  pilot.  “It 
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is  simply  the  ability  to  put  the  airplane  any  place  that  I’d 
like  to.  whenever  I'd  like  to,  and  have  the  aircraft  never 
do  anything  1  didn't  ask  it  to.”5 

Compromises  and  tradeoffs  were  made  to  an  achieve  ac¬ 
ceptable  low  observable  signature  based  on  postulated 
threats  and  weapons  envelopes  while  retaining  the  de¬ 
sired  the  agility,  supersonic  performance  and  handling 
qualities.  The  challenge  was  formidable  since  low  ob¬ 
servable  designs  and  techniques  did  not  generally  lend 
themselves  to  the  aerodynamic  and  excess  thrust  design 
demands  of  a  highly  agile  fighter  aircraft.  The  design 
evolved  into  a  blending  of  old  and  new  technology  in 
unique  implementation  schemes  that  were  flown  in  the 
YF-22  Advanced  Tactical  Fighter  prototype  aircraft. 
Thrust  vectoring  emerged  as  the  design  feature  critical 
to  achieving  unequaled  agility  throughout  the  normal 
flight  envelope  and  into  the  flight  realm  well  above  the 
angle  of  attack  for  maximum  lift. 

4.4  YF-22A  Prototype  Description 


Figure  1.  YF-22  External  Three  View 

The  YF-22  that  rolled  out  in  August  of  1990  was  a  twin 
engine.  F-1S  size  aircraft  that  incotporaled  low  observ¬ 
able  technology  into  a  highly  maneuverable  airframe. 
The  aircraft  used  a  fly-by-wire  flight  control  system  to 


stabilize  the  aircraft  since  the  basic  airframe  was  stati¬ 
cally  unstable  at  most  subsonic  flight  conditions.  The 
flight  control  system  was  quad  redundant  for  inputs  and 
computation  and  triple  redundant  for  electrical  com¬ 
mands  that  controlled  actuation  of  the  hydraulic  servo s. 
The  flight  controls  were  scheduled  as  g-command  sys¬ 
tem  above  275  KCAS  and  blended  to  a  pitch  rate  com¬ 
mand  system  below  225  KCAS.4 

Pitch  control  was  provided  by  symmetric  movement  of 
the  horizontal  tails  and  engine  nozzles  when  the  thrust 
vectoring  mode  was  active.  The  horizontal  tails  were 
sized  to  insure  adequate  nose-down  pitching  moment  to 
push  out  of  a  deep  stall  at  high  angles  of  attack  in  the 
case  of  a  thrust  vectoring  system  failure  or  dual  engine 
flameout  and  were  capable  of  producing  pitching  mo¬ 
ments  sufficient  to  permit  trimmed  flight  at  extreme 
angles  of  attack. 

The  full  span  leading  edge  flaps  were  used  to  optimize 
the  wing  camber  for  better  cruise  and  maneuvering  per¬ 
formance  and  to  improve  handling  qualities.  The  lead¬ 
ing  edge  flaps  moved  symmetrically  in  a  range  from  5 
degrees  deflection  up  to  30  degrees  deflection  down. 

Roll  control  was  provided  by  ailerons,  flaperons  and. 
differential  horizontal  stabilator.  The  vertical  tails  and 
rudder  wereweresizedto  provide  yaw  control  for  coor¬ 
dinated  rolls  at  25  degrees  AOA4.  The  rodder  provided 
directional  control  and  was  used  to  coordinate  rolls  at 
low  angles  of  attack.  Howes  er.  rudder  effectiveness  as 
a  roll  coordinating  device  decreased  rapidly  as  angle  of 
attack  increased  above  25  degrees.  With  thrust  vector¬ 
ing  available  to  provide  much  of  the  trim  pitching  mo¬ 
ment  requirement,  the  aircraft's  unique  aerodynamics 
allowed  differential  horizontal  tail  to  be  used  for  both 
rolling  and  roll  coordination  at  mid  and  high  angles  of 
attack.  Aileron  and  flapcron  effectiveness  also  de¬ 
creased  with  increasing  AOA  and  contributed  little  to 
(he  rolling  moment  at  high  angles  of  attack. 

Control  surface  roll  authority  was  limited  to  prevent 
pitch  divergence  dec  to  kinematic  coupling  between 
angle  of  attack  artdsideslip.  At  all  conditions  pilch  com¬ 
mands  to  the  horizontal  tail  were  given  priority. 

The  two  test  aircraft  were  capable  of  using  either  the 
Pratt  &  Whitney  YF1 I9-PW-I00  or  the  General  Elec¬ 
tric  YFI2O-GE-I00  prototype  advanced  tactical  fighter 
engines.  The  engines  were  advanced  designs  that  pro¬ 
duced  extraordinarily  high  thrust  at  MILITARY  power 
settings  thus  enabling  supcrcruisc. 

Tlw  YF-22  incorporated  an  Integrated  Flight/Propul¬ 
sion  Control  (IFPC)  system.  Coupled  with  the  air  data 
system,  the  propulsion  system  and  flight  controls  func¬ 
tioned  and  were  treated  as  a  single  system.  The  aircraft 
flight  conditions,  engine  thrust  requests,  and  thrust  vec¬ 
toring  commands  were  passed  to  the  engine  controllers 
via  the  IFPC  digital  busses.  The  engine  responded  to 
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signed  to  provide  pitch  only  vectoring.  The  exhaust  gas 
stream  was  mechanically  deflected  by  independently 
positioning  the  upper  and  lower  divergent  nozzle  flaps. 
The  nozzle  flap  actuators  were  also  used  by  the  engine 
to  control  the  exhaust  exit  area.  The  nozzle  flaps  were 
capable  of  providing  continuous  vectoring  angles  of  ± 
20  degrees  at  a  designed  maximum  rate  of  40  degrees 
per  second.  Pitch  commands  were  supplied  to  the  en¬ 
gine  electronic  controllers  by  die  flight  control  comput¬ 
ers.  However,  the  engine's  control  computers  physical¬ 
ly  controlled  the  nozzle  flap  actuator  position  to  obtain 
the  desired  thrust  vectoring  angle  and  exhaust  exit  area 
simultaneously.  This  gave  the  engines  direct  responsi¬ 
bility  for  a  primary  flight  control  function.  While  both 
of  the  engine  controllers  received  the  same  pitch  com¬ 
mands  from  the  flight  control  computers,  each  engine 
processed  the  pitch  commands  and  positioned  the 
nozzle  flaps  to  the  proper  angle  independent  of  the  other 
engine. 
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Figure  3.  Simplified  Pitch  Command  Schematic 
with  Thrust  Vectoring  On 


A  blending  between  the  horizontal  stabilizer  and  the 
thrust  vectoring  nozzles  was  accomplished  on  the  actua¬ 
tor  command  signals  when  thrust  vectoring  was  active. 
Since  the  pitching  moment  provided  by  the  engine 
nozzles  was  a  function  of  engine  power  setting,  the 
thrust  vectoring  commands  were  also  scheduled  as  a 
function  of  average  throttle  angle.  This  gave  the  pilot 
the  appearance  of  pitch  control  that  was  independent  of 
the  engine  power  setting. 


vector zig  to  ON.  vectoring  was  enabled  as  a  function  of 
angle  of  attack,  airspeed  and/or  flight  condition. 


u> 

MACH  NO. 


Figure  4.  Thrust  Vectoring  System  Operation 
Below  12  Degrees  Angle  of  Attack 

When  the  angle  of  attack  was  12  degrees  or  less  'he 
thrust  vectoring  nozzles  were  fully  enabled  below  200 
KC  AS  (Figure  4).  As  airspeed  increased,  thrust  vector¬ 
ing  commands  to  die  nozzle  were  linearly  blended  out 
until  vectoring  was  completely  disabled  above  22S 
KCAS. 


ANGLE  OF  ATTACK  *  JO  DEGREES 


1.0 


MACH  NO. 


The  pilot  was  provided  die  ability  to  activate  or  deacti¬ 
vate  thrust  vectoring.  With  thrust  vectoring  selected 
OFF  by  the  pilot,  the  flight  control  computer  still  was 
capable  of  commanding  vectoring  under  certain  prede¬ 
termined  conditions  tn  order  to  prevent  inadvertent  de¬ 
partures  or  deep  stalls.  When  the  pilot  selected  tiuust 


Figure  5.  Thrust  Vectoring  System  Operation 
Above  20  Degrees  Angle  of  Attack 

Above  20  degrees  angle  of  allack.  vectoring  was  sched¬ 
uled  as  a  function  of  Mach  number  and  altitude  (figure 
5).  This  schedule  provided  vectoring  pitch  authority  for 
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thrust  requests,  positioned  the  nozzles  to  the  appropriate 
vector  angle  and  repotted  actions  back  the  the  flight 
control  computers.  The  flight  control  computers  then 
evaluated  the  engine  reports,  adjusted  the  engine  inlet 
air  controls  and  made  subsequent  commands  to  the  pro¬ 
pulsion  system.  The  thrust  vectoring  nozzles,  though 
controlled  by  die  engine,  were  considered  a  flight  con¬ 
trol  “surface'  <n  every  respect. 

The  pilot  made  pitch  and  roll  commands  via  a  side  stick 
and  yaw  command  via  rudder  pedals.  The  throttles  were 
not  mechanically  connected  to  the  engine.  Electrical 
signals  were  generated  by  throttle  position  which  the 
flight  control  computers  then  translated  into  a  thrust  re¬ 
quest  signal  that  was  sent  to  the  engine  electronic  con¬ 
trol  units  via  the  fFPC  bus.  The  flighi  control  computers 
scheduled  the  throttle  position  input  and  thrust  request 
output  such  that  the  engine  thrust  was  essentially  linear 
with  throttle  position  for  any  given  flight  condition. 
Throttle  position  gradients  were  adjusted  to  accommo¬ 
date  the  power  settings  typical  of  air  refueling  and  land¬ 
ing  such  that  the  thrnst  response  to  small  throttle  move¬ 
ments  was  optimized  for  these  tasks. 

In  order  to  take  advantage  of  the  maneuvering  capabili¬ 
ties  made  possible  by  thrust  vectoring,  an  air  data  sys¬ 
tem  was  required  that  could  provide  accurate  inputs  to 
the  flight  control  system  at  extremely  low  speed,  high 
iu.p.  v*  of  attack  flight  conditions  up  through  the  super¬ 
sonic  speed  regime.  The  YF-22  air  data  system  design 
proven  to  he  quite  robust  and  fully  up  to  the  task.  The 
system  featured  a  fully  integrated  design  that  provided 
pneumatic  and  inertial  navigation  system  (INS)  derived 
air  data  inputs  to  the  flight  conuol  computers  where  data 
validity  was  checked  and  inputs  blended  in  a  manner 
such  that  accurate  air  data  was  available  at  all  (light 
conditions  and  angles  cf  attack. 

Two  dogleg  probes  on  either  side  of  the  nose  provided 
static  and  total  pressure  to  air  data  transducers  where 
angle  of  attack,  airspeed,  altitude,  and  Mach  number  in¬ 
formation  were  calculated.  Four  flush  mounted  static 
ports,  upper  and  lower  on  either  side  of  the  nose,  were 
used  to  calculate  sideslip  angle.  Each  probe  and  flash 
static  port  had  its  own  air  Jala  in>-  -duccr  for  redundancy 
and  data  comparison  purposes,  i  nc  six  transducers  cor¬ 
rected  the  measured  pressures  for  local  flow  effects  and 
converted  tic  inputs  into  electrical  signals  to  the  flighi 
control  computers. 


Wind  infonitatior  was  derived  from  INS  and  pneumatic 
air  data  when  the  probe  and  flush  static  port  data  were 
judged  valid  by  the  fl:gh'  control  computers.  When  the 
pneumatic  data  was  judged  to  he  invalid,  air  data  in¬ 
formation  was  derived  from  INS  measured  velocities 
corrected  with  the  stored  wind  information. 


Figure?.  Air  Data  Sensor  Locations 


Below  30  degrees  angle  of  attack,  pneumatically 
derived  angle  of  attack  data  and  total  pressure  where 
ased.  Between  30  and  33  degrees  angle  of  attack,  pneu¬ 
matically  derived  angle  of  attack  data  and  total  pressure 
were  blended  with  INS  derived  data.  Above  33  degrees 
angle  of  attack.  (NS  derived  angle  of  attack  and  total 
pressure  were  used  for  the  flighi  controi  computations. 
The  dogleg  probes  and  Basil  static  pom  provided  pneu¬ 
matic  static  pressure  up  to  60  degrees  angle  of  atLack. 
Irrespective  of  angle  of  attack,  when  airspeed  dropped 
below  75  KCAS  (139  km/fcr).  air  data  calculations  re¬ 
verted  to  INS  based  data. 

4S  Thrust  Vectoring  Implementation  in  the 
YF-22A  Prototype 

The  key  element  in  providing  the  YF-22  with  unprece¬ 
dented  maneuvering  capability  was  the  incairponilion  of 
pitch  axis  thrust  vectoring.  Tradeoff  studies  showed  that 
thrust  vectoring  was  the  most  efficient  ;nd  effective 
method  of  achieving  the  desired  pitching  moments 
without  the  drag  and  weight  penalties  associated  with 
aerodynamic  control.  Additionally,  elimination  of  the 
aerodynamic  surfaces  that  would  have  been  required  to 
achieve  the  desired  pitching  moments  capabilities  aided 
m  meeting  the  low  observable  design  criteria.  With 
thrust  vectoring,  the  horizontal  tails  were  sized  for  more 
normal  flight  conditions  while  the  aircraft  retained  pitch 
authority  that  was  essentially  independent  of  airspeed. 
Engineering  estimated  ilia:  each  horizontal  tail  would 
have  required  an  additional  20  ft1  (1.86  in21  of  area  at 
a  weight  penalty  of  approximately  400  pounds  (181  kg) 
in  order  to  meet  the  same  maneuverability  goals.1 

Both  the  Pratl  &  Whitney  YFI 19  and  General  Electric 
YFI20  were  equipped  with  functionally  equivalent  two 
dimensional,  thrust  vectoring  nozzles  capable  of  vector¬ 
ing  the  engine  exhaust  stream  at  all  power  settings  from 
idle  to  maximum  augmentation.  The  nozzles  were  Jc- 
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low  speed,  high  angle  of  attack  conditions  and  increased 
the  high  angle  of  attack  maneuvering  capabilities  at  su¬ 
personic  conditions  where  decreased  aerodynamic  ef¬ 
fectiveness  of  the  horircntal  tails  was  limiting. 

Between  12  and  20  degrees  angle  cf  attack,  thrust  vec¬ 
toring  was  a  linearly  blended  function  of  both  schedules 
(below  12  AOA  schedule  and  above  20  AOA  schedule). 


PITCH  COMMAND 


The  tails  provide  the  pitch¬ 
ing  moment  authority  _ 


AOAslS  DEGREES  AND 
AIRSPEED  >2J0KCAS 


Commands  are  equally  divided  "  PITCH  comm  \nd 
between  the  horizontal  tail  and  9^* 
cngiitTnozzJe.  * 


AIRSPEED  <  200  KGAS 


The  pitch  commands  to  the  vec¬ 
toring  nozzles  are  ratioed  as  a 
function  of  angle  of  attack,  alii- 
lude  and  Mach  number  between 
the  horizontal  tail  and  engine 
nozzle.  I 


pttch  command 


4 Jt  YF-22A  Thrust  Vectoring 
Flight  Test  Results 

Agility  was  considered  to  be  a  critical  design  goal  and 
demonstration  of  the  maneuvering  perfomiance  and 
handling  qualities  rriadc  possible  by  thrust  vectoring  re¬ 
ceived  emphasis  during  the  Demonstration/Vhlidaticn 
flight  testing.5  In  order  to  validate  rhe  engineering  de¬ 
sign  and  demonstrate  the  contributions  of  thrust  vector¬ 
ing  to  agility,  both  prototypes  conducted  numerous  sta¬ 
bility.  control  and  flying  qualities  tests  with  thrust 
vectoring  on  and  off  at  angles  of  attack  up  to  2t'  degrees 
as  speeds  as  low  as  13S  KIAS  (250  km/hr).  Additional¬ 
ly.  a  high  angle  of  attack  demonstration  program  was 
flown.  For  the  purposes  of  this  demonstration  program 
high  angle  of  attack  was  defined  as  angles  of  attack 
above  20  degrees. 

The  high  angle  of  attack  prognuvTwas  conducted  with 
aircraft  number  1  which  was  equipped  with  the  General 
Electric  YF 120  engines.  As  with  all  high  angle  of  attack 
programs,  a  build  up  approach  was  used.5  Testing  oc¬ 
curred  at  2  degree  increments  in  angle  of  attack  up  to  40 
degrees  angle  of  attack.  Above  40  degrees  angle  of  at¬ 
tack  the  increments  were  ex;*: ruled  to  4  degrees  since 
there  was  very  little  change  in  the  aircrafts  flight  char¬ 
acteristic  as  angle  of  attack  was  increased. 

Throttle  transients  were  performed  at  angles  of  attack  up 
to  40  degrees  with  no  indication  of  stall  or  combustor 
blowout.  No  engine  or  nozzle  vectoring  operation  prob¬ 
lems  were  observed  up  to  rhe  maximum  angle  of  arrack 
demonstrated.  Trimmed  flight  and  flight  control  dou¬ 
blets  were  performed  to  evaluate  basic  control  authority 
and  aircraft  response.  Military  power  pushovers  with 
thrust  vectoring  on  and  idle  power  pushovers  with  thrust 
vectoring  off  were  accomplished  to  detemiine  the  pitch¬ 
ing  moment  authority  of  the  horizontal  tail  and  thrust 
vectoring  contribution  to  total  pitch  authority  at  high 
angle  of  attack.  Following  the  pushovers,  the  angle  of 
attack  was  reduced  about  four  degrees  and  a  series  of 
full  stick,  feet  on  the  floor  rolls  were  performed  to  evalu¬ 
ate  the  aircraft's  maneuvering  capabilities.  These  data 
were  later  used  to  verify  and  validate  the  simulator  pre¬ 
dictions. 


AOA  >12  DEGREES  AND 
AIRSPEED  >2JCKCAS 
OR 

AIRSPEED  BETWEEN  100 
AND  2J0  KCAS 


Figure  6.  Notional  Diagram  of  Thrust  Vectoring 
Schedule  Effects  on  Pitch  Command  Division 


On  December  17, 1990  after  only  nine  flights  and  14.9 
flight  hours  the  aircraft  attained  it's  benchmark  angle  of 
attack.  The  aircraft  demonstrated  trimmed  (light  at  60 
degrees-  angle  of  attack  at  82  KCAS  (152  km/hr)  and 
showed  that  it  was  controllable  when  performing  full 
slick  roiling  maneuvers.  Allhough  the  aircraft  had  no 
flight  control  angle  of  attack  limitation.  60  degrees 
angle  of  attack  wax  chosen  an  appropriate  stopping 
point  for  the  Demonstration/VJidation  phase  of  the  pro- 


Figure  7  Trimmed  Flight  :ii  60  Degrees 
Angle  of  Attack 

gram  since  it  proved  the  capability  of  the  YF-22  to 
achieve  trimmed  ilight  and  controlled  maneuvering  at 
angles  of  attack  substantially  above  the  angle  of  attack 
for  maximum  lift. 


0  10  20  JO  40  50  «  70  SO 


Ar.'OLE  Of  ATTACK  (DEG) 

Figure  8.  Etching  Moment  vs.  Angle  of  Attack 

Figure  8  shoves  the  pitching  moment  chamctcnsUcs  of 
the  YF-22  with  thrust  vectoring.4  It  was  evident  that 
thrust  vectoring  provided  a  major  increase  in  the  pitch¬ 
ing  moment  authority.  Tha-st  vectoring  approximately 
douh'ed  the  effective  pitching  moment  available  when 
compared  to  aerodynamic  controls  only.  The  figure  also 
shows  that  the  aircraft  was  capable  of  trimmed  flight  at 
angles  of  attack  up  to  about  70  degrees.  Above  7(1  de¬ 


grees  angle  of  attack  the  a>reraft  exhibited  a  stabilizing 
pitching  moment  slope. 

Thrust  vectoring  provided  a  powerful  nose  down  pitch¬ 
ing  moment  if  required.  The  aircralt  was  shown  to  he 
capable  of  high  angle  of  attack  recovery  with  aerody¬ 
namic  controls  only.  This  indicated  licit  transient  ma¬ 
neuvers  well  above  the  maximum  trim  angle  ol  attack 
were  possible.  Flight  simulation  showed  licit  the  air- 
craft  w  as  quite  capable  of  performing  the  “cobra  m.ineu- 
ver"  first  intmduccd  hy  the  Ruvsi.ui'  at  the  Farts  Air 
Show  and  constdcraiion  was  given  to  demonstrating  the 
maneuver  during  the  IXmonstrationA'alidiUion  pro¬ 
gram.  However,  with  only  three  weeks  rcncuning  in  Ihe 
(light  test  program  other  testing  to  support  tlie  contrac¬ 
tor  downselect  decision  received  pnorilv. 

At  60  degrees  angle  of  atLick  tile  luicr.dl  was  capable  ol 
generating  peak  nose  down  pitch  rates  of  about  !X  de¬ 
grees  per  second  with  the  engine*  at  MIL  power,  even 
at  idle  thrust,  the  aircralt  could  produce  nose  down  pitch 
riles  of  about  l  S  ilegrees  per  second.  At  higher  engine 
power  settings  the  thrust  effects  quickly  heg.ui  to  domi¬ 
nate  (he  pitching  moment  capabilities  ot  the  aircraft. 


Idle  power 

MIL  power 

Time  from 

21)  degrees 

U>  It)  degrees 

*  MX* 

I.S  sec 

Tune  from 

60  degrees 
to  lo  degrees 

7  MX* 

i.Wc 

M-iximum 
Pitch  rate 

1 '  deg/sec 

IS  ileg/scc 

Figure ')  Recovery  Times  Inun 
High  Angle  of  Auack 


The  aircraft  displayed  rather  docile  handling  qualities 
;uid  displayed  positive  control  at  all  high  angles  ol  at- 
tick  condithHis  tested.  Pitch  altitude  and  angle  ol  attack 
cot  hi  nc  held  to  within  1/2  iJegree  with  thrust  vectoring 
on  up  to  60  degrees  angle  ol  attack.  When  thni'l  vector¬ 
ing  was  turned  off  control  was  less  precise  due  to  control 
law  changes  and  the  loss  in  pilch  auihonlv  from  thrust 
vectoring.  B-uik  angle  control  was  also  smooth  c.  nh  no 
evidence  of  wing  rock  and  the  pilots  were  able  to  hold 
wings  level  for  long  pcriols  of  lime  with  no  perceptible 
roll  off  tendency.  Roll  contni!  was  reported  to  have  be¬ 
come  slightly  more  sensitive  at  -hi  to  -W  degrees  angle 
of  altick  and  a  roll  oscillation  of  ±  f  degrees  could  he 
induced  with  small  lateral  sink  inputs  Tliese  osolla- 
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lions  quickly  damped  cut  if  the  stick  was  frozen  and  the 
pilots  quickly  learned  that  more  careful  inputs  pre¬ 
vented  its  reoccurrence.  Airframe  buffet  was  light,  in- 
c erasing  as  24  degrees  angle  of  attack  was  approached 
and  remained  constant  thereafter.  Overall,  the  pilots  de¬ 
scribed  the  aircraft's  high  angle  of  attack  handling  qual¬ 
ities  as '  just  outstanding."7 

Since  the  aircraft  rolled  essentially  about  the  velocity 
vector  (stability  axis),  the  pilots'  perceptions  of  roll 


angle,  roll  rate  and  heading  changed  as  the  angle  of  at¬ 
tack  at  which  the  roll  maneuver  was  performed  in¬ 
creased.  The  pilots'  perception  of  rolling  maneuvers 
between  about  20  to  40  degrees  angle  of  attack  were  of 
a  barrel  roll.  Above  40  degrees  angle  of  attack,  the  pi¬ 
lots'  perceptions  were  dominated  by  heading  change 
and  yaw  rate.  Because  of  the  extreme  angle  of  the  veloc¬ 
ity  vector,  a  bank  angle  change  of  approximately  30  de¬ 
grees  resulted  in  heading  changes  of  about  90  degrees 
&xl  rolls  became  essentially  leading  changes. 


In  addition  to  die  high  angle  of  attack  demonstrations, 
flying  qualities  maneuvers  were  flown  to  validatt  the 
benefits  of  thrust  vectoring  at  lower  angles  of  attack. 
Onc-g  rolls  op  lo  20  degrees  angle  cf  attack  were  per¬ 
formed  with  vectoring  both  on  and  off.  As  shown  in  Fig¬ 


ure  10.  peak  roll  rate  was  nearly  doubled  and  corre¬ 
spondingly.  the  time  lo  roll  360  degrees  was  reduced  by- 
half  at  20  degrees  angle  of  attack  with  thrust  vectoring 
on. 
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Figure  1 1 .  Effects  of  Thrust  Vectoring  on  Control  Surf 'ice  Positions  During  Rolls 


f  xu re  1 1  shows  an  example  of  the  effect  of  thnet  vec¬ 
toring  on  roll  rale  limiting  due  to  kinematic  pilch  cou¬ 
pling  /.»  angle  of  a'trck  increased  .above  five  degrees, 
the  air-raff.-  roll  ’ate  began  to  fecrease  in  a  near  linear 
manna.  With  thrust  "ectcring  o  the  flight  control  sys¬ 
tem  began  to  limit  aileron  authority  at  approximately  9 
degrees  angle  of  attack  in  ordc  to  reduce  roll  rate  and 


correspondingly  reduce  the  kinematic  coupling.  At  14 
degrees  angle  of  attack,  the  horizontal  tail  had  essential¬ 
ly  reached  it>  limit  capability  to  control  pitch  coupling 
and  maintain  the  trim  angle  of  attack.  Therefore  roll  r?\ 
was  rapidly  reduced  by  the  flight  conuol  computers  a 
angle  of  .stack  increase .  further  so  that  the  capabditics 


of  the  horizontal  tails  to  control  pitch  divergence  -  .ere 
not  exceeded. 

The  dashed  lines  and  squares  ..how  the  control  positions 
vt  ih  thrust  vectoring  on.  With  thrus.  vectoring  active 
the  aircraft’s  pitch  control  power  was  substantially  in¬ 
crease  and  the  tails  were  freed  for  roll  control  and  for 
control  of  kinematic  pitch  coupling.  The  increased  abil¬ 
ity  to  control  pitch  divergence  permitted  the  maximum 
roll  suiftre  deflections  resulting  in  significantly  in¬ 
creased  roll  rates  when  compared  with  the  thrust  vector 
off  case. 
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Figure  12.  YF-22  Roll  Rate  vs.  Angle  of  Attack 


Figure  12  shows  the  roll  rale  advantage  afforded  by 
thrust  vectoring  over  a  range  of  atif  es  of  attack.7  As 
slated  previously,  thrust  vectoring  provided  much  of  the 
pitching  moment  authority.  This  freed  the  horizontal 
tails  for  roll  and  yaw  rate  control  thus  mere  than  doub¬ 
ling  the  allowable  roll  rate  at  moderate  angles  of  attack 
and  allowing  roll  rates  of  20  to  30  degrees  per  second 
above  40  degrees  angle  of  attack. 

Handling  Qualities  During  Tracking  (HQDT)  tests 
were  also  conducted  to  evaluate  thrust  vectoring  ef¬ 
fects  on  the  closed  loop  tracking  task.  At  elevated 
load  factor,  where  thrust  vectoring  became  active 
(above  12  degrees  angle  of  attack)  the  pilots  preferred 
the  tracking  performance  over  lower  angle  of  attack 
conditions  where  thrust  vectoring  was  not  active.  As 
in  the  high  angle  of  attack  tests,  the  pitch  response 
was  faster  and  pitch  attitude  capture  notably  more 
precise  with  thrust  vectoring  on.  The  pilots  character¬ 
ized  the  handling  qualitu  ini  thrust  vectoring  on  as 
superb.* 


Supersonic  turn  performance  was  also  found  to  be  im¬ 
proved  with  thrust  vectoring.  Pilots  commented  that  at 
1 .5  Mach  number  the  YF-22  turns  were  as  crisp  and  re¬ 
sponsive  as  an  F- 1 6  at  0.8  Mach  number.-1  At  1.2  Mach 
number.  38.000  feet  (11.580  m)  pressure  altitude,  and 
MAX  power,  thrust  vectoring  increased  the  sustained 
turn  petformance.  in  terms  of  specific  excess  power  by 
about  100  feet  per  second.8  The  improved  supersonic 
sustained  turn  and  roll  performance  was  again  due  to  the 
increased  pitch  authority  made  possible  by  thrust  vec¬ 
toring.  Thrust  vectoring  reduced  the  horizontal  tail 
pitch  deflection  required  to  trim  and  thereby  reduced  the 
supersonic  trim  drag  and/or  made  more  differentia!  tail 
deflection  available  for  rolling. 

A  comparison  of  roll  rales  between  the  YF-22.  the  F— 15 
and  F-16  are  included  in  Figure  13.9  Below  5  degrees 
angle  of  aru>,  all  three  aircraft  were  equivalent  at 
about  200  degrees  per  second.  However,  above  5  de¬ 
grees  angle  of  attack,  the  effects  of  thrust  vectoring  be¬ 
came  evident  and  the  YF-22  displayed  tin  increasing 
roll  rate  advantage  ova  the  F-I.S.  At  20  degrees  angle 
of  atmek  the  YF-22’s  roll  rate  was  more  than  double  that 
of  the  F— 15.  Above  approximately  25  degrees  angle  of 
attack,  the  YF-22  surpassed  the  F-16  (a  design  goal4). 
Both  tt>',-  F— 15  and  F-16  lost  roll  rate  'apability  rapidly 
as  30  eegrees  angle  of  attack  was  approaclied  but  the 
YF-22  was  still  capable  of  producing  roll  rales  of 
approximately  90  degrees  per  second. 

FLIGHT  TEST  DATA 

O  THRUST  VETTOR  ON 


ANGLE  OF  ATTACK  -  DEG 


Figure  13.  Roll  Ra'c  Comparison 

Figure  14.  shows  a  comparison  of  pilch  rare  between  the 
YF-22  and  the  F-16  at  a  low  speed  high  angle  of  attack 
flight  condition.9  The  pitch  authority  provided  by  thrust 
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vectoring  enabled  the  YF-22  to  generate  pitch  rates  al¬ 
most  five  times  higher  than  the  F— 16. 


Figure  14.  YF-22  Pitch  Rate  Comparison  with 
the  F-16  at  Low  Speed 


did  not  necessarily  occur  at  “corner  speed.”  As  pre¬ 
viously  staled  small  hank  angle  changes  at  high  angle  of 
attack  produced  a  large  change  in  heading.  Therefore, 
high  angle  of  attack  maneuvering  produced  large 
changes  in  attitude,  heading,  and  turn  radius  at  speeds 
well  below  the  traditionally  defined  "comer  speed"  and 
well  below  the  aircraft’s  maximum  structural  load  fac¬ 
tor.  The  X-3 1  recently  performed  a  heading  change  ma¬ 
neuver  at  approximately  70  degrees  angle  of  attack  that 
resulted  in  a  180  degree  heading  change  and  a  lum  ra¬ 
dius  of  about  475  feet.  The  effective  turn  rate  was  80.6 
degrees  per  second.10 


4.7  Thrust  Vectoring  Influence 
Corner  Speed 

The  capability  to  perform  rap.d  and  precise  nose  point¬ 
ing  at  angles  of  attack  above  made  the  concept  of 

"comer  speed"  for  the  YF-22  somewhat  nebulas.  Cor¬ 
ner  speed  has  been  generally  defined  as  the  lowest  air¬ 
speed  at  which  maximum  laid  factor  can  be  attained. 
For  aircraft  restricted  to  maneuver  at  or  below  C[j„„  the 
maximum  (um  rate  and  minimum  tum  radius  were 
achieved  ar  this  speed  and  the  aircraft  “got  around  the 
comer  the  fastest."  Below  this  speed,  the  aircraft  stalled 
(whatever  the  definition  of  stall  is  for  that  aircraft)  and! 
or  exceeded  Ctnrn  thus  reducing  lift  and  therefore  load 
factor  which  in  tum  decreased  tum  rale  and  increased 
lum  radius.  Conceptually,  one  wanted  to  enter  an  air  to 
air  engagement  near  the  comer  speed  and  if  possible  re¬ 
main  near  that  speed  during  the  engagement  since  the 
to.-'  performance  was  near  its  maximum  at  this  speed. 
Hopefully,  your  comer  speed  was  lower  than  your  ad¬ 
versary’s  thereby  giving  you  an  advantage  la  tum  rate 
and  turn  radius  and  allowing  you  to  mm  inside  your  ad¬ 
versary  and  hring  the  aircraft’s  velocity  vector  into  a 
position  suitable  for  a  gun  or  missile  attack. 

In  the  case  of  the  YF-22  and  other  aircraft  capable  of 
post-stall  maneuvering,  minimum  tum  rate  and  radius 


Figure  15.  High  Angle  of  Attack  Heading 
Reversal  Maneuver 


The  YF-22’s  ability  to  maneuver  and  precisely  point  the 
nose  at  angles  of  attack  well  above  C  mtx  enhanced  its 
weapons  employment  opportunities.  The  high  pitch 
rate  capability  of  the  aircraft  made  possible  by  thrust 
vectoring  enabled  the  the  aircraft  to  be  rapidly  pulled  to 
a  high  angle  of  attack  (position  nose  to  aquire  target), 
precisely  halted  at  the  desired  angle  of  attack  and  main¬ 
tained  at  that  angle  ofattack  for  as  long  as  desired  (point 
nose,  lock-on.  and  shoot),  and  quickly  pushed  down  to 
a  lower  angle  of  attack  (recover  and  reposition). 
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Figure  16.  Nose  Pointing  Ability  for 
Weapons  Employment 


5.  CONCLUSIONS 

The  YF-22  demonstrated  that  a  highly  reliable  thrust 
vectoring  system,  could  provide  unprecedented  maicu- 
ver  capability  while  maintaining  the  vehicle's  low  ob¬ 
servable  signature  and  could  be  successfully  imple¬ 
mented  in  the  F-22  production  fighter  design.  Tradeoff 
studies  showed  that  thrust  vectoring  was  the  most  effi¬ 
cient  and  effective  method  of  achieving  the  desired 
pitching  moments  without  the  drag  and  weight  penalties 
associated  with  aerodynamic  control. 

Both  the  Pratt  &  Whitney  YFU9  and  General  Electric 
YFI20  were  proven  capable  of  two  dimensional  thrust 
vectoring  at  all  power  settings  from  idle  to  maximum 
augmentation.  No  engine  or  nozzle  vectoring  operation 
problems  were  observed  up  to  the  maximum  angle  of  at¬ 
tack  demonstrated. 

Thrust  vectoring  approximately  doubled  the  effective 
pitching  moment  available  when  compared  to  aerody¬ 
namic  controls  only.  The  aircraft  was  able  to  maneuver 


and  achieve  desired  nose  positions  at  angles  of  attack 
well  above  the  angle  of  attack  for  The  aircraft 
demonstrated  trimmed  flight  at  60  degrees  angle  of  at¬ 
tack  at  82  KCAS  (152  km/hr)  and  showed  that  it  was 
controllable  when  performing  full  slick  rolling  maneu¬ 
vers.  The  pitch  authority  provided  by  thrust  vectoring 
enabled  the  YF-22  to  generate  pitch  rates  almost  five 
times  higher  than  the  F-16  at  the  same  low  speed  condi¬ 
tion. 

Thrust  vectoring  allowed  substanual  improvements  in 
roll  performance  at  high  angles  of  attack  over  current 
fighters.  The  YF-22  displayed  ar  increasing  roll  rate 
advantage  over  the  F— 15  as  angle  of  attack  increased 
and  at  20  degrees  angle  of  attack  the  YF-22's  roll  rate 
was  more  than  double  dial  of  llieF-15.  Above  approxi¬ 
mately  25  degrees  angle  of  attack,  the  YF-22  surpassed 
the  F-16.  Both  the  F— 15  and  F-16  lost  roll  rate  capabili¬ 
ty  rapidly  as  30  degrees  angle  of  attack  was  approached 
while  the  YF-22  was  still  capable  of  producing  roll  rales 
of  approximately  90  degrees  per  second 

Tlirust  vectoring  also  contributed  to  enhanced  handling 
qualities.  Tbe  pilots  characterized  the  handling  quali¬ 
ties  with  thrust  vectoring  on  as  superb.  Pitch  attitude 
and  angle  of  attack  could  he  held  to  wi'nin  1/2  degree 
with  thrust  vectoring  on  up  to  60  degrees  angle  of  attack . 
During  tracking  tests,  ilk.  pilch  response  was  faster  and 
pitch  attitude  caplure  notably  more  precise  with  thrust 
vectoring  on. 

Supersonic  turn  performance  was  also  found  to  be  im¬ 
proved  with  thrust  /ectoring.  At  1.2  Mach  number. 
38.00!)  feet  pressure  altitude,  and  MAX  power,  thrust 
vectoring  Increased  the  sustained  turn  performance,  in 
terms  of  specific  excess  powvr  by  about  100  Teet  per  se¬ 
cond. 

Thrust  vectoring  showed  impressive  improvements  in 
maneuverability  and  handling  qualities.  However,  eval¬ 
uation  and  development  of  tactically  useful  maneuvers 
that  take  advantage  of  the  capabilities  of  a  thrust  sec¬ 
tored  fighter  have,  to  dale,  been  relatively  limited.  The 
X— 31  research  aircraft  has  demonstrated  maneuvering 
flight  at  70  degrees  angle  of  attack  and  has  recently  be¬ 
gun  exploration  of  tactically  useful  high  angle  of  aitack. 
posl-stall  maneuvers.  The  F-16  VISTA  .aircraft  is  srxi  • 
scheduled  to  begin  work  in  this  area  as  well.  Future  de¬ 
velopment  efforts  to  cnalde  aircraft  weapon  fire  control 
sys'-ms  to  effectively  operate  during  high  angie  of  ai¬ 
tack  maneuvering  and  to  provide  useful  maneuvering 
displays  must  also  be  undertaken  if  full  advantage  ts  to 
be  taken  of  the  post-stall  capabilities  made  possible  by 
thrust  vectoring  and  demonstrated  by  the  YF-22. 
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RESULTS  FROM  THE  STOL  ic  MANEUVER 
TECHNOLOGY  DEMONSTRATION  PROGRAM 

by 

David  J.  Moorhouse 
Wrighl  Laboratory 
Wright-Patterson  AFB 
2645  5th  Street 
Ohio  45433-7922 
United  States 


INTRODUCTION 

The  STOL  and  Manauvar  Technology 
Demonstration  (S/NTD)  program  was 
ini,  ated  in  the  early  1980 'a  with  the 
las'  flight  in  late  1991.  An  F-15B 
airc  aft  was  modified  to  incorporate  four 
advanced  technologies  intended  to  provide 
current  and  future  fighter  aircraft  with  a 
Short  Takeoff  and  Landing  (STOL) 
capability  and  to  increase  performance 
over  the  baseline  aircraft  in  up-and-avay 
flight.  The  four  technologies  were: 

Two-dimensional  thrust 
vectoring/thrust  reversing  exhaust 
nozzles 

Integrated  Flight/Propulsion  Control 
(IFPC) 

Rough  field  STOL  landing  gear 

Advanced  Pilot  Vehicle  Interface 
(PVI) 

The  first  two  seat  F-15B  airciaft  was 
extensively  xodified  to  the  S/HTD 
configuration.  External  appearance  was 
changed  by  the  addition  of  two  all-moving 
canards  on  the  intakes  and  by  modification 
of  the  aft  fuselage  to  accommodate  the 
rectangular  shape  of  the  2D  TV/TR  nozzles. 
The  aircraft  was  also  equipped  vith  a 
flight  test  noseboom  for  a  majority  of  the 
test  missions.  Figure  1  illustrates  the 
principle  modifications  to  the  baseline 
F-15B.  A  brief  description  of  the  S/NTD 
configuration  follows,  sore  detail  is 
available  in  References  182. 

Thn  baseline  Pratt  and  Whitney  P100-PW-220 
engine  turbo-machinery  was  unchanged, 
supported  by  appropriate  requirements  on 
the  nozzle  design.  The  compressor  case 
was  modified  by  incorporating  a  transition 
duct  which  provided  for  Tansition  from 
the  circular  (axisymmetrlc)  shape  to  the 
rectangular  2D  shape  of  the  nozzles  and  to 
accommodate  the  increased  vertical  loads 
introduced  by  nozzle  vectoring.  The  2D 
nozzles  Incorporated  hydraulically 
controlled  convergent  and  divergent  flaps 
to  control  nozzle  throat  and  exit  areas. 
The  nozzle  divergent  flaps  were  also 


designed  to  vector  20  degrees  rp  or  down 
(i.e.  pitch  vectoring)  with  the  design 
requirement  of  a  "primary  flight  :onf:i 
element*.  Thrust  reversing  capiliility  was 
activated  by  closing  the  convergent  flaps 
and  directing  the  exhaust  flow  through 
rotating  vanes  on  tne  upper  and  lower 
surfaces  of  the  nozzles.  Operation  of  the 
nozzles  is  depicted  in  Figure  ~  (see  also 
Reference  3). 

The  original  F-15  hydroaechan*  ual  flight 
control  system  and  analog  electronic 
Control  Augmentation  System  (CAS)  were 
replaced  with  a  four  channel  digital  fly- 
by-wire  Integrated  Flight/Propulsicn 
Control  (IFPC)  system.  The  IFPC  system 
integrates  aerodynamic  surfaces,  the 
engine  nozzles,  brakes  and  steering  as 
control  effectors  to  provide  stability  and 
controllability  throughout  the  flight 
envelope.  The  production  F-15  mechanical 
throttle  linkage  was  replaced  by  a  "pover- 
by-wire"  electronic  throttle  control 
system  that  utilizes  electro-mechanical 
throttle  servos  to  control  enginn  power. 
The  IFPC  system  redundancy  management 
ensured  overall  two-fail-operate 
capability  vith  no  backup  system,  although 
the  nozzles  ware  fail-operate,  fail-safe. 

All  pilot  commands  were  integrated  into 
natural  stick,  pedal  and  throttle  actions. 
The  S/HTD  crew  station  displays  were 
extensively  modified  by  incorporating 
F-15E  cockpit  hardware.  With  the  change 
to  a  digital  control  system  without 
backup,  status  of  the  IFPC  system  was  a 
primary  function  of  the  PVI.  Caution 
lights  wero  added  with  a  Master  Caution 
for  critical  failures.  A  Multi-Purpose 
Display  was  programmed  to  provide  a 
complete  channel-by-channel  status  of  the 
'ystew.  The  combination  of  caution  lights 
and  status  display  allowed  the  pilot  to 
diagnooe  all  significant  failures. 

Also  dasigned  into  the  system  was  the 
capability  for  Autonomous  Landing  Guidance 
to  achieve  the  required  landing 
performance  at  night  or  in  weather  without 
any  ground-based  landing  aids.  The  APG-70 
radar  provided  navigation  capability 
through  a  radar  map  on  a  head-down 
display.  This  enabled  tho  pilot  to 
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designate  and  line  up  with  the  touchdown 
point  on  tha  available  runway.  On-board 
software  providad  tha  alavation  and 
azimuth  ataaring  on  tha  Head-Up-Display. 
The  symbology  includad  an  outlina  of  tha 
oparating  atrip.  Additional  situational 
nwaranaaa  was  providad  by  projactlng  an 
InfraRed  image  on  tha  HUD,  supplied  by  a 
LANTIRN  navigation  pod  (Reference  «). 

Tha  S/HTD  nosa  and  main  gear  struts  vara 
internally  modified  to  obtain  optimum 
load/stroke  charactaristics  for  high  sink 
rata  landings  and  operation  on  repaired 
runways.  Tha  braking  aystam  incorporated 
a  digital  anti-skid  controller  for 
individual  tire  hydroplaning  protection. 
Tha  pilot  could  also  pra-salact  an 
Autobraka  feature,  so  that  maximum  braking 
with  anti-skid  protection  was  available 
immediately  after  touchdown. 

This  paper  summarizes  the  configuration 
development,  emphasizing  tha  integration 
of  propulsive  control.  Relevant  flight 
test  results  are  presented,  with 
particular  emphasis  on  the  measured 
effectiveness  of  pitch  vectoring  and 
reversing.  Lastly,  the  potential 
capability  of  future  configurations  is 
discussed. 


CONTROL  SYSTEM  DEVELOPMENT 

Although  some  aspects  of  the  S/HTD 
development  were  constrained  by  modifying 
an  existing  aircraft,  the  Integrated 
Flight/Propulsion  control  (IFPC)  system 
was  an  all-new  implementation  between  the 
existing  cockpit  controls  and  the  control 
surfaces.  The  existing  mechanical  control 
system  with  analogue  Command  Augmentation 
System  was  replaced  with  a  quadruplex 
digital  fly-by-wire  eystem.  Electrical 
signals  from  Linear  Variable  Differential 
Tranducers  (LVDT's)  representing  stick  and 
pedal  deflections  were  summed  with 
appropriate  sensor  Inputs  in  the  Flight 
Controller.  Control  commands  were  sent 
either  to  new  direct-drive-valve  actuators 
for  the  aerodynamic  surfaces  or  to  the 
Nozzle  Controller  for  vectoring  and 
reversing  commands.  The  Nozzle  Controller 
integrated  the  commands  with  nozzle  exit 
area  requeata  from  the  Digital  Electronic 
Engine  Control  (which  was  given  priority 
in  case  of  conflict)  to  position  either 
the  convergent  and  divergent  flap 
positions  or  the  reversor  vane  angle. 

Figure  3  presents  the  complement  of 
control  effectors  that  were  available  on 
this  configuration.  All  of  these  effecte, 
including  direct  lift  and  sldeforce,  were 
fully  Integrated  i;.V  j  conventional  pilot 
cockpit  controls.  The  design  was 
accomplished  using  a  combination  of 
classical  and  multivariable  techniques 
(see  Reference  5) .  These  control 
capabilities  provided  the  ability  to  meet 
a  stringent  set  of  design  requirements. 

The  IFPC  system  wao  designed  in  specific 
discrete  modes  for  demonstration  purposas. 
The  final  complement  of  control  modes  is 
listed  in  Figure  4.  Note  that  a  required 
"SVOL"  mode  was  implemented  as  three 
noparate  modes  in  the  final  design.  The 


final  content  of  the  CRUISE  and  COMBAT 
modes  is  also  presented. 

Canard  Implementation 

Figure  S  summarizes  how  the  canards  uere 
used  in  the  control  laws,  i.e.  scheduled 
with  angle  of  attack  and  also  used  for 
control  in  various  axes.  The  pitch 
control  power  of  the  canards  afforded  a 
convenient  way  to  restore  subsonic  static 
stability.  Canard  deflection  was 
scheduled  as  a  linear  function  of  angle  of 
attack,  with  a  difference  between  modes. 
The  slope  was  the  sama,  yielding  the  same 
level  of  static  stability  in  both  modes, 
but  one  intercepts  were  chosen  to  give 
minimum  drag  at  lg  in  the  CRUISE  mode  and 
at  higher  load  factors  in  the  COMBAT  mode. 
At  supersonic  speeds  the  canard  schedule 
satisfied  more  than  one  design 
requirement.  Of  course,  the  configuration 
suffered  excess  stability  so  the  canards 
were  scheduled  to  reduce  stability  over  a 
range  corresponding  to  approximately  1-Sg 
in  all  control  modes.  In  addition,  hinge 
moments  were  kept  within  limits  and 
sufficient  differential  capability  was 
retained  to  provide  yaw  control.  Tha 
schedule  at  higher  angles  of  attack  vas 
stabilizing  to  support  an  overall  design 
philosophy  of  always  having  a  stable 
pitching  moment  break.  Tailoring  static 
stability  in  this  fashion  also  had  an 
indirect  benefit.  Multivariable  control 
theory  (i.e.  Honeywell's  Linear  Quadratic 
Caussian  with  Loop  Transfer  Recovery)  was 
used  in  the  dosign  process.  Reference  5. 

An  unstable  configuration  requires  special 
treatment  in  this  design  process,  but  it 
was  very  convenient  and  straight  forward 
to  design  to  the  stable  configuration  with 
canards  on  their  angla-of-attack  schedule. 

In  the  'enhanced'  control  modes  (i.e. 
other  than  CONVENTIONAL)  the  canards  were 
also  used  as  short-term  pitch  control 
effectors.  They  deflected  as  a  function 
of  pilot-stick  input,  but  then  "washed 
out"  and  returned  to  the  AoA  schedule 
leaving  the  stabilator  as  the  lo:  g  term 
trim  control.  Differential  canard 
deflection  was  usod  as  a  control  effector 
in  different  ways.  In  the  flaps-up  modes, 
differential  canards  were  used  to  augment 
the  yaw  control  power  of  the  rudders 
including  dynamic  stability  augmentation. 
In  tha  flaps-down  modes,  differential 
canard  deflection  was  coordinated  with 
rudder  del lection  to  provide  direct  side 
force  for  crosswind  landing.  This  was 
comaanded  by  the  rudder  pedals  on  approach 
and  by  lateral  stick  into  the  wind  after 
touchdown. 

Vectoring  Implementation 

In  simple  terms,  pitch  vectoring  was 
integrated  into  the  enhanced  modes  not 
just  added  as  an  incremental  control 
effector.  Thus,  Figure  6  represents  the 
difference  between  two  modes  designed  to 
meet  requirements  on  flying  qualities, 
gain  and  phase  margin,  etc.  -  it  is  the 
realistic  increment  in  pitching  moment 
capability.  It  shows  the  ability  to  pitch 
up  for  a  'snap  shot'  with  maybe  a  half 
socond  advantage  sven  at  power  for  level 


6-3 


(light,  not  full  capability.  Equally 
important  in  coabat  ia  the  raduction  in 
tiaa  required  to  pitch  back  down  again  in 
order  to  ragain  anargy.  Another  banafit 
of  vectoring  comas  in  maximum  parforaanca 
takooffs.  Fighter*  at  haavy  weight*  ara 
frequently  Halted  by  the  pitching  moment 
required  to  rotate  to  takeoff  attitude. 
With  pitch  vectoring  at  aaxiaua  thrust, 
aircraft  rotation  ia  available  at  the 
optiaua  a pa ad  for  takeoff. 

The  nozzle  vector  angle  waa  alao  cn  an 
angle-of-attack  schedule  to  ainiaize  dreo 
in  both  CRUISE  and  COMBAT  sodas  at 
supersonic  speeds.  This  schedule  relieved 
the  stabilator  required  for  tria  at  the 
high  levels  of  static  stability.  Examples 
of  the  drag  polars  which  result  froa  the 
combined  canard  and  vector  schedules  are 
given  in  Figure  7.  Subsonically  there  is 
a  zero-lift  drag  penalty  but  the  benefits 
at  higher  lift  coefficients  are  apparent, 
hr.  optinua  blend  of  the  two  nodes  would 
obviously  be  used  in  a  production 
application.  Drag  benefits  at  all  lift 
coefficients  were  realized  at  supersonic 
conditions. 

The  basic  increments  due  to  differential 
vectoring  were  snail.  For  comparison,  20* 
of  differential  vectoring  gave  a  rolling 
sonant  coefficient  equivalent  to 
approximately  3*  of  differential  aileron 
deflection.  More  significant,  however, 
the  differential  vectoring  effect  was 
independent  of  angle  of  attack  (Figure  8) . 
There  were  also  sideforce  and  yawing 
moment*  consistent  with  the  up-vector 
generating  a  positive  pressure  on  the 
Inside  of  the  vertical  tail. 

Rtytratr  Implementation 

Ip  tne  CRUISE  and  COMBAT  sodas,  vane 
control  to  provide  in-flight  thrust 
reversing  was  integrated  into  noinai 
throttle  action.  Figure  9.  Pulling  the 
throttles  slowly  back  fros  maximum 
afterburner  to  intermediate  (full  dry 
pover)  to  idle  produced  absolutely 
conventional  response  with  the  engine 
spooling  down  to  the  flight  idle  speed. 
Movement  aft  of  the  idle  uetent  deployed 
the  vanas  to  45*  and  then  to  135*  with 
continued  movement.  When  the  vanes  ere  at 
135*,  further  aft  movement  of  the 
throttles  spooled  the  engine  up  to  100% 

RPM  at  the  maximum  reverse  thrust  point. 
For  rapid  movenent  of  the  throttle,  the 
engine  would  not  spool  down.  The  pilot 
could  therefore  snatch  the  throttle  back 
to  command  maximum  re/erse  thrust  as 
desired,  up  to  the  software  limits.  A 
maximum  revarser  command  of  2g  "eyeballs 
out"  was  implemented  where  this  capability 
vas  available,  and  at  high  speeds  forward 
deflection  of  the  vanes  was  limited  to 
avoid  exceeding  vertical  tail  bending 
moments. 

Thrust  reversing  as  implemented  in  the 
SLiND  control  mode  was  the  key  to  the 
short  landing  capability,  predicated  on 
making  the  approach  vith  the  engine  at 
100%  RPM  and  exhausting  through  the 
reversar  vanes  at  a  tria  angle  of 
approximately  60*.  At  touchdown  the  vanes 


were  commanded  forward  so  that  thrust 
reversing  was  available  with  virtually  no 
time  delay.  Also  contributing  to  the 
landing  capability  wee  minimus  touchdown 
dispersion  achievable  with  this  mode  (see 
also  Reference  7) .  The  characteristics  of 
the  reversar  vanas  gave  high-bandwid ;h 
control  of  tho  speed  axis,  and  the  control 
laws  were  designed  to  decouple  the  speed 
axis  from  the  pitch  axis.  To  achieve  this 
the  control  effectors  were  ganged  into  a 
"moment"  effector  and  a  "thrust" 
effector.  The  thrust  offector  was 
cccpcced  of  the  top  and  bottom  rotating 
vanas  coordinated  to  produce  zero  pitching 
moment.  Body  angla  waa  added  to  the 
thrust  command  to  compensate  for  rotation 
of  the  gravity  vector  as  the  aircraft 
pitched.  The* result  to  the  pilot  was  that 
throttle  position  commanded  airspeed  which 
was  held  constant  by  the  airspeed 
feedback,  and  stick  commanded  pitch  rate 
which  was  affectively  flight  path  angle 
rate  command  because  of  the  speed  hold. 
This  control  strategy,  including  the 
differential  cana-d  implementation 
discussed  previously,  vas  validated  by 
piloted  simulation  as  facilitating 
landings  within  a  "C^u^’idown  box"  60  ft 
long  by  20  fk  wide  under  all  required 
conditions  of  wind,  wind  shear  and 
turbulence. 


FLIGHT  TEST  RESULTS 

The  flight  testing  warn  initiated  with 
standard  nozzlas  to  verify  functionality 
of  the  new  control  system  (conventional 
modes)  and  the  subsystems. 

Envelope  expansion  testing  proceeded 
routinely  to  the  low  altitude  high  speed 
flight  regime.  At  10K/0.8K  flight 
conditions,  the  first  disagreement  between 
predicted  aircraft  pitch  response  and 
flight  test  data  wee  noted.  At  10K/0.9M, 
the  pilot  reported  very  low  damping  in 
both  the  longitudinal  and  directional 
axes.  Software  changes  wsre  made  to 
account  for  differences  in  stabilator 
control  power  and  pitch  stability 
coefficients  discovered  during  parameter 
identification  analysis.  Figure  10  shows 
that  the  transonic  shift  in  neutral  point 
oc cured  at  a  lower  Mach  number  than  was 
predicted.  Even  though  the  S/MTD  data 
base  was  incremented  from  the  flight- 
validated  F-15  model,  this  illustrates  a 
typical  problem  of  transonic  wind  tunnel 
testing.  An  additional  problem  manifested 
during  the  low  altitude  high  speed 
envelope  expansion  phase  was  a  reduction 
in  longitudinal  stick-free  damping.  The 
problem  was  caused  by  the  mass  of  the 
stick  coupling  with  aircraft  motion  and 
solved  by  installing  a  longitudinal  stick 
eddy  current  darner.  The  dampsr  increased 
the  stick-free  damping  ratio  froa  0.03  to 
a  value  of  approximately  0.6. 

Reduced  directional  damping  at  low 
altitude  high  speed  was  traced  to  the 
presence  of  an  additional  25  msec  time 
lag  in  the  yaw  rate  feedback  loop  of  the 
flight  controller,  caused  by  an 
inadvertent  data  hold  in  the  40  hz  control 
law  computation.  Gain  changes  to  the 
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lateral  acceleration  feedback  loop  w»io 
incorporated  into  tha  control  lava  to 
produca  adequate  diractional  damping  to 
panit  continuad  low  altltuda  anvalopa 
expansion.  Onca  thasa  changes  to  tha 
flight  control  system  war*  incorporated, 
anvalopa  expansion  continuad  to  tha  and 
condition,  5K/0.9SH,  with  aatiafactory 
handling  qualitias  in  all  axes. 

During  this  initial  phasa  of  tasting,  an 
ALG  backup  soda  using  storad  INS  runway 
position  information  was  succassfully 
dasonstratad  to  avaluata  landing 
configuraticn  flying  qualitias.  By 
storing  tha  runway  position  at  a  safa 
altituda,  such  as  10K  feat,  siaulatad 
landing  approaches  to  a  "runway  in  the 
sky"  could  be  performed  which  afforded  tha 
pilot  an  opportunity  to  assess  handling 
qualitias  prior  to  making  an  actual 
landing  approach.  This  test  was  used  with 
success  cn  first  flight  of  tha  aircraft. 
The  technique  does  have  to  be  combined 
with  other  tasting  that  is  designed  to 
increase  pilot  gain  oven  higher  to  provide 
a  coapleta  assessment. 

first  flight  with  tha  2D  engines  was 
successfully  flown  on  10  May  1989. 

Initial  testing  focused  on  expanding  tha 
subsonic  enhanced  mode  envelope  for  up  and 
away  flight  (CRUISE  and  COMBAT  modes). 
Handling  Qualitias  During  Tracking  (HQDT) 
tests  were  accomplished  using  a  3g 
cooperative  target  with  excellent  results. 
CONVENTIONAL  and  CCK8AT  mode  pilot  ratings 
are  all  Level  1  for  tracking,  whila  the 
CRUISE  mode  (designed  for  flight  path 
control)  is  actually  better  than  the 
expected  Level  2  ratings;  sea  Reference  2 
for  further  discussion  of  pilot  comments 
and  preferences.  More  important  from  a 
designers  viewpoint,  pilot  comments  Jr. 
support  of  the  small  difference*  shown 
were  exactly  tha  same  as  in  the  ground' 
based  piloted  simulations. 

Thrust  reversing  was  functionally  verified 
first  in  taxi  tests  building  up  in  speed 
and  tha  amount  of  reverse  commanded.  In¬ 
flight  revarsar  operability  was  verified 
by  reversing  on  one  engine  Initially  «.t 
Mach  0.8  at  30,000  and  40,000  ft.  After 
that  initial  verification,  reversing  was 
commanded  on  both  engines.  The  reversing 
envelops  was  expanded  to  Ml .6,  with 
parameter  identification  maneuvers  and 
data  analysis  at  M0. 9  and  1.2.  Figure  11 
shows  the  deceleration  capability  of  the 
S/KTD  configuration  compared  with  a 
production  F-15  chnce  plane  with  speed 
brake  deployed  and  flight  idle  thrust 
setting.  It  is  also  worth  noting  that 
this  does  not  represent  tha  maximum 
reverse  thrust  cf  the  S/MTD  nozzles.  The 
forward  vane  angle  (revere*  thrust)  had  to 
he  software  limited  at  supersonic  speeds 
to  maintain  vertical  tail  bending  moments 
within  strength  limits.  More  reverse 
thrust  could  be  available  by  strengthening 
the  vertical  tails,  or  by  avoiding  the 
interference  in  the  design  of  a  new 
configuration. 

Thrust  reversing  was  also  the  major  factor 
in  achieving  the  short  landing  distance. 
The  final  approach  was  made  with  the 


engine  at  100%  RPM,  the  nozzle  exhaust 
closed  and  the  efflux  controlled  by  tha 
reverser  vane  deflection.  Nozzle  design 
requirements  specified  that  the  vanes  be 
able  to  go  from  the  nominal  approach 
position  to  full  overs*  in  less  than  1 
second.  At  touenwovn,  the  pilot  could 
select  reverse  thrust  which  commanded  the 
top  vanes  to  their  full  forward  deflection 
and  the  lover  vanes  to  an  angle  determined 
by  two  schedules.  An  angle-of-attack 
schedule  ensured  rotation  to  a  three-point 
attitude  (Reference  1)  and  an  airspeed 
schedule  prevented  hot  gas  rsingastion. 

In  addition,  the  pilot  could  select  an 
Autobrake  function  which  gave  maximum 
anti-skid  braking  after  touchdown. 

Measured  landing  distance  of  approx  1500 
ft  is  half  tha  dry  runway  capability  of  an 
F-1S,  and  the  wet  runway  landing  distance 
is  less  than  1/3  of  the  F-15  value. 

The  flight  testing  also  produced  on* 
particularly  unpleasant  surprise. 

Reference  1  documents  the  ground-effects 
testing  and  the  design  of  control  laws  to 
mitigate  an  uncontrollable  nose-up 
pitching  moment  with  maximum  forward 
reverser  vane  daflnctions  at  tha  touchdown 
speed  and  pitch  attitude.  A  delay  was 
incorporated  to  inhibit  forward  deflection 
of  the  lower  vanes  until  on*  second  after 
the  waight-on-wheels  indication  was  set  in 
the  control  laws.  Lower  vane  deflection 
was  also  scheduled  with  angle  of  attack  so 
that  it  did  not  reach  full  forward  until 
the  aircraft  was  essentially  in  a  three- 
point  attitude.  Lastly,  a  command  vas 
also  introduced  to  give  a  6  deg/sec  nose- 
down  rotation  rat*  with  no  pilot  injut  and 
the  predicted  aerodynamics.  The  actual 
landings  in  the  SLAND  mode  produced  nose- 
down  rotations  of  approximately  18 
deg/sec.  Those  high  rates  cam*  close  to 
bottoming  the  nose  landing  gear  and  ware 
obviously  unacceptable  tc  the  pilots. 
Analysis  indicated  that  ground  effects 
were  the  cause,  not  any  control  inputs. 

The  obvious,  and  simplest,  control  law 
change  was  to  remove  the  on*  second  delay 
on  the  van*  movement  after  touchdown.  It 
was  reasoned  (i.e.  hoped)  that  the 
predicted  nosa-up  moment  from  the  van* 
movement  would  balance  the  unpredicted 
r.use-dovn  moments  that  were  experienced. 
This  change  was  completely  successful  and 
alluwed  completion  of  the  flight  test 
progrsm  (see  Reference  8  for  more 
details) . 

The  capability  of  thrust  vectoring  to 
enhance  takeoff  rotation  was  demonstrated. 
It  vas  possible  to  maintain  a  precise  two- 
point  attitude  at  steady  taxi  speeds  as 
low  as  40kte.  Figure  12  shows  the  takeoff 
distances  that  could  b«  achieved  using 
different  rotation  speeds  -  rotating  too 
soon  incurod  a  loss  of  acceleration  due  to 
the  additional  drag  and  yielded  longer 
distances.  Also  Indicated  in  the  data  is 
tiia  effect  of  rotating  too  quickly.  The 
aircraft  would  lift  off  but  then  settle 
back  down  or.  to  the  runway.  The  optimum 
takeoff  distance  was  approximately  25% 
less  than  a  production  F-15  at  similar 
conditions.  The  benefits  of  vectoring 
have  also  bean  quantified  up  and  away  at 
lov  speeds.  Envelop*  expansion  was  don* 
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to  30*  angle  of  attack.  Pitch  captures 
and  nose-down  racovary  maneuvers  from  30’ 
AoA  wara  flown  back-to-back  in 
CONVENTIONAL  and  COMBAT  modes  to  avaluata 
tha  affactivanaae  of  thruct  vactoring. 
Fxgura  6  shews  good  agreement  of  pitching 
■osant  coafficiants  extracted  froa  flight 
data  with  tha  pradictad  valuas.  Figure  13 
illustratas  tha  additional  pitch  rata 
capability  availabla  in  a  racovary  fros 
high  angla  of  attack,  and  also  tha  quickar 
onsat.  Tha  figura  also  shows  that  tha 
control  laws  vara  not  optimized  for 
maximum  affactivanass  -  tha  rasponsas 
convargad  to  tha  same  staady  stata  pitch 
rata.  Tha  S/KID  program  was  initiatad  as 
a  full-anvalopa  dcaonstration  without  any 
high-angla-of-attack  asphasis.  A  sispla 
linaar  gradiant  of  pitch  rata  command  vs 
deflection  was  used,  and  would  obviously 
ba  changed  in  application. 

A  demonstration  of  tha  Autonomous  Landing 
Cuidanca  capability  was  accomplished  in  a 
night  landing  made  at  Edwards  AFB  without 
using  ground-based  guidance,  runway  lights 
or  aircraft  landing  lights.  Starting  30nm 
out  tha  pilot  designated  a  chosen 
touchdown  point  and  rollout  heading  using 
tha  APG-70  radar  map.  The  on-board 
software  then  provided  steering  commands 
via  tha  Head-Up  Display  (HUD)  and  tha 
Horizontal  Situation  Indicator.  At  the 
appropriate  distance  out,  the  pilot 
lowered  flaps  and  tha  HUD  reconfigured  to 
tha  lending  symbology.  Both  glidaalopa 
and  localizer  guidance  ware  provided  on 
tha  HUD,  together  with  an  outline  of  tha 
Minimum  Operating  Strip  for  perspective. 
Koslnal  operating  procedures  would  have 
tha  InfraRed  (IR)  image  from  a  LAKTIRN 
Navigation  Pod  also  displayed  on  the  HUD 
for  situational  awareness.  For  tha 
demonstration,  tha  IR  sansor  was  laft  in 
tha  stand-by  mode  until  a  height  of  200  ft 
to  simulate  breaking  out  of  weather  at 
that  height  above  tha  runway.  At  an 
indicated  200  ft,  tha  IR  sensor  was 
switched  on  and  a  successful  short  landing 
completed  using  this  synthetic  visual 
scans.  Pilot  comments  ware  all  favorable 
ae  far  as  routine  use  being  viable. 


THE  FUTURE 

Any  prediction  of  the  future  is  obviously 
uncertain  in  today's  political  and 
budgetary  climates.  Ha  can,  however, 
discuss  technological  advances  which  could 
continue  the  Hright  Labors:  '.ry  heritage. 

Two-dimensional  thrust  vectoring  nozzles 
are  going  into  production  on  the  P-22. 
Designs  are  also  available  to  provide 
axisyametric  exhaust  nozzles  vlth  tha 
capability  to  vector  in  combinations  of 
pitch  and  yaw.  A  General  Electric  dtsign 
is  currently  flying  on  an  F-16.  The 
Multi-Axis  Thrust  Vactoring  (MATV)  p  -ogram 
is  investigating  low-speed  high-angla-of- 
attack  control.  The  Advanced  Control 
Technology  for  Integrated  Vehicles 
(ACTIVE)  program  will  fly  tha  Pratt  6 
Whitney  vactoring  nozzle  design  on  the 
S/KTD  aircraft  in  1994  to  measure  full- 
envelope  benefits,  such  as  optimum  cruise 
performance.  It  is  expected  that  these 


two  programs  will  validate  full-anvalopa 
benefits  for  thrust  vactoring  noxzlas  aa  a 
primary  flight  control  effector.  A 
designer  can  than  have  confidence  in  tha 
capability  to  trade-off  tha  benefits  of 
reduced  tail  or  control  size  vs  propulsive 
control  in  any  specific  design 
applicaticn. 


CONCLUSIONS 

The  S/KTD  program  has  generated  flight 
test  data  to  validate  four  specific 
technologies: 

•  2-D  thrust  vactoring  6  raversing 
nozzlo 

•  Integrated  Flight/Propulsion 
Control 

•  Advanced  Pilot/Vehicle  Interface 
including  Autonomous  Landinq 
Guidance 

•  Rough  field/hlgh  sink  rata 
lending  gear. 

These  technologies  hava  been  integrated 
into  an  F-1SB  to  provide  mission  benefits 
across  tha  complete  flight  envelope  froa 
on-board  guidance  to  a  bad  weather  short 
landing,  through  signifirantly  enhanced 
maneuvering  benefits  to  supersonic 
performance.  These  tachnologias  era 
either  transitioning  on  to  other  aircraft, 
or  can  ba  considered  viable  design  options 
for  future  aircraft.  Lessons  learned  froa 
the  program  are  available  in  References 
5-10. 
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Figure  2.  Nozzle  Operating  Modes 


Figure  3.  Available  Control  Effectors 
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•  I  ngle-of-Attack  Schedule  (All  Modes) 
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•  Control  Power 

-  pitch  control  (enhanced  modes' 

-  directional  control  (all  modea) 

•  Direct  Sidoforce  (Flaps  Down) 

-  crosswind  approach  (rudder  pedals) 

-  landing  rollout  (lateral  slick) 


Figure  *.  Flight  Control  Modes 


Figuro  6.  Canard  linage 
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ANALYSE  THEORIQUE  DE  L'ECOULKMENT  AUTOUR  D'UN 
RAFALE  A 

A  GRANDE  INCIDENCE 


HIGH  INCIDENCE  FLOW  ANALYSIS  OVER  THE 
RAFALE  A 
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ABSTRACT 

A  good  high  angle  of  attack  (AoA)  behaviour  is  a 
requisite  for  any  new  combat  aircraft  In  o<  ier  to  gain  a 
better  knowledge  of  the  Dow  at  high  AoA  computation 
over  the  'RAFALE  A'  has  been  conducted. 

The  aircraft  is  in  a  foil  nose  down  controls 
configuration  :  low  speed,  low  altitude,  high  AoA  and 
large  control  surfaces  deflection.  Moreover,  slideslip  is 
considered  so  as  to  assess  the  lateral  behaviour  of  the 
aircraft  in  this  high  AoA  regime. 

The  computational  domain  around  the  complete  aircraft 
is  discretized  into  an  unstructured  mesh  and  the  flow  is 
computed  with  a  3D  inviscid  (EULER)  approach  in 
finite  elements. 

Aerodynamical  coefficients  have  been  analyzed 
together  with  the  topology  of  the  flow  in  these  high 
AoA  configurations.  Results  have  been  found  to  yield  r. 
promising  agreement  concerning  the  flow  features  floss 
of  weathercock  stability  at  high  AoA)  although  absolute 
values  of  coefficients  ate  still  beyond  reach  of  this 
basic  methodology. 

In  a  view  to  get  insight  into  non  symmetric  flow  as  it 
can  be  found  experimentally  at  high  AoA,  a 
modification  of  the  boundary  conditions  which  create  a 
rourcc  of  vorridty  has  boen  implemented  This  leads  to 
the  existence  of  latgc  amplitude  side  forces  agreeing 
with  experiments. 

RESUME. 

L'ftude  pone  sur  ie  RAFALE  A  4  grande  incidence  ca 
configuration  dc  defense  4  piquer.  Des  calculi  non 
visqueux  de  type  EULER  3D  sur  un  domaine  discrftisd 
en  fldmenta  finis  non  structure  ont  permis  (Tanalyser 
le  compoctcmctu  4  la  foil  des  coefficients 
airodynamiqua  et  de  l'doouleroent  iridimensisnnel  & 
haute  incidence.  Dans  ur-  dcoxiime  temps,  cn  ce  qui 
coocerne  les  dpoufemetus  dissyradtriqua  de  pointe 
avant  renccnlrfj  4  tris  liaute  incidence,  ure 
modification  des  conditions  aux  linutes  de  caicul  a 


autorisd  une  dissymetrisation  de  I'fcoukmtru  a  a  ertf 
des  efforts  en  accord  avtc  ceux  obtenus  par  vote 
cxpdrimentale. 

L1STE  DES  SYMBOLES. 
a  angle  find  deace. 

Ojhj  angle  (Tinctdence  de  portance  maxi  male. 

P  angle  de  ddapage. 

Cp  coefficient  de  pressioo. 

Cyj  coefficient  dTeffott  leliral  dans  lertpire  avion. 
C|j  coefficient  de  moment  dt  roulis  dans  le  repire 
avion. 

Cjjj  coefficient  de  moment  de  lacct  dans  le  repire 
avion. 

Cg  coefficient  de  portance  dans  le  repire 
afrodynamique. 

Cjj,  coefficient  dc  moment  de  Ungage  dans  le  repire 
afrodynamique. 


1.  INTRODUCTION 

L'anahse  da  compottement  (fun  avion  1  haute 
incidence  est  complexe  car  entreat  en  jcu  des 
phinomina  adodynamiques  4  la  fois  encore  mil 
identifies  et  tnal  mod&isis  par  les  codes  de  caicul.  En 
patticulier,  lorsque  l'inddence  emit,  un  systime 
loutbillonnaire  sc  Afvdoppe,  slimenti  pox  les 
ddeoikments  prenant  naissance  ie  long  de  la  pointe 
avant  et  des  bords  cTattaque  cn  flcche  [Rif.  1J.  A  paitir 
fun  certain  niveau  tTinddeoce  (230°),  ccs  tourbillocs 
de  pointe  avant  sabissent  des  d&a&ilisations  pouvant 
conduim  4  da  fclateroents  et  4  da  dissymilria  puis 
da  fcJuppements  instationnaires. 

La  comprihcnsion  da  pfccno  mines  airodynamiqua 
apparai!  ainsi  crudale  car  la  Hlssyjnitrie  da 
daiuJements  tourbillonnaira  sc  traduit 
systdautiqucroeni  sur  la  courba  de  stability 
longitudinaks  et  transverala  de  Tavion  et  ainsi  sur  sa 
comrbJabiliUi  4  haute  incidence. 
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L'objectif  de  cede  itude  est  de  montrer  qu'avec  Its 
codes  industriels  diveioppis  che-  DASSAULT 
AVIATION,  a  est  disormais  possible  -fexplorer  le 
domaine  des  hautes  incidences  qui  devient  tin  domaine 
de  plus  en  plus  fiiquenti  par  les  avio ns  de  combat 
actuals  et  fiiturs.  l.’analyse,  lorsque  Tangle  d'atiaque 
augmente,  port  era  principalement  sur  les  deux  aspects 
suivant* : 

*  dWe  part  la  rep  risen  tativiti  des  phino  mines 
airodynamiques  sur  le  dimonstrateur  RAFALE  A  i 
grande  incidence, 

*  et  d'autre  part,  la  capaciti  a  repreduire  les 
asymitries  notables  concemant  les  efforts,  observes 
expirimentalement  sur  unc  pointe  avant. 

2.  CONFIGURATIONS  ETUDEEES. 

L'avion  itudii  dans  ce  domaine  des  hautes  incidences 
est  le  RAFALE  A  (cf.  photo  1),  dimonstrateur  du 
programme  d'avion  de  combat  multimission  RAFALE 
(ler  vol  le  04  juillet  1986).  Les  gouvernes 
airodynamiques  (canard,  bees,  et  ilevons)  sent 
braquies  de  fagon  i  assurer  le  contrite  longitudinal  de 
l'avi  m  A  haute  incidence. 

Le  code  utilisi  pour  l'avion  complet  (cf.  paragraphes  4 
et  5)  est  un  code  EULER  tridimensionncl,  A  schima 
dicentri  implicate,  appliqui  sur  un  espace  discritisi  par 
iliments  finis  titraidriques  non  structuris  [Rif  2]. 

La  complexiti  de  la  giomitrie  (cf  planches  2  et  3) 
jusiifie  pleincmcnt  Tutilisation  de  la  discritisalion  en 
iliments  non  structuris.  La  giomitrie  de  l'avion  (A  part 
1'arriire-corps  carini)  est  fidilement  reprisentie  : 
braquage  des  gouvernes,  entries  d'air  etc.  Par  centre, 
les  jets  issus  des  deux  riacteurs  ne  sont  pas  modilisis, 
1'arriire-corps  itant  simplcmer.t  carini.  Le  maillage 
spatial  est  particuliirement  adapti  pour  des  calculs  A 
haute  incidence  :  la  densiti  de  maille  restant 
consiquente  A  l'extrados  de  l'avion.  Le  maillagc  non 
structuri  comporte  ainsi  un  nombre  total  de  noeuds 
supirieurd  150  000. 

Pour  la  scconde  partie  dc  Titude  (cf.  paragraphe  6),  un 
code  EULER  3D  d  schima  ccntri  explicite,  sur  des 
volumes  finis  structuris,  est  utilisi  sur  une  giomitrie  dc 
pointe  avant.  En  effet,  la  topologie  itant 
csscnticllemcnt  axisymitriqne,  un  maillagc  structuri 
peut  etre  aisiment  rialisi. 

3.  JUSTIFICATION  DES  OUTILS  UTILISES 
LORS  DE  CETTE  ETUDE. 

Le  code  dc  calcul  choisi  pour  rialiser  cette  itude  est  le 
code  EULER  tridimensionncl,  diveloppi  chez 
DASSAULT  AVIATION  [Rif  1\  Le  entire  de  choix 
itait  Tutilisation  d'un  code  industricl,  validi  et 
quotidiennement  utilisi  et  dc  plus  relativement  peu 
codteux  par  rapport  d  des  modilisations  plus  fines 
comme  un  code  NAV1ER-STOKES  avee  modile  de 
turbulence  [Rif  1J. 

La  justification  thiorique  de  Tutilisation  de  1  EULER 
repose  sur  le  fait  que  la  dynamique  du  towbillon  est 


reprirentable  d  l'aide  des  phi  no  mints  relevant 
essentiellement  du  fiuidc  parfait.  Nianmoins,  te 
processus  physique  de  criation  du  tourbillon  per 
imission  de  routioncel  repose  sur  ['accumulation  locale 
des  couches  limites  en  des  lignes  de  glissement  puis 
sur  lew  ijection.  La  viscositi  du  fiuide  ainsi  que  la 
turbulence  ont  done  un  rile  fondamental  dans  le 
processus  de  criation  du  tourbillon.  La  viscositi  ct  la 
turbulence  interviennent  igalemect  tors  de  la 
dissipation  el  lors  de  1'iclatement  iventuel  du 
tourbillon.  En  nigligeant  les  effets  visqueux  et 
turbulents,  on  ne  pourra  done  espirer  rooddliser 
pridsiment  ni  la  formation  des  tourbiilons,  ni  leur 
dissipation,  ni  leur  iclatemenf 
Le  calcul  EULER,  de  plus,  ne  salt  reproduire  la 
formation  de  tourbiilons  secondaires  issus  de  lignes  de 
siparations  secondaires  did enc hies  par  le  dicollement 
des  couches  limites  transverses  induites  par  le 
tourbillon  primaire. 

Pour  une  pointe  avant  en  incidence  ou  un  bord 
d'attaque  imoussi,  la  modilisation  EULER 
(subsonique)  ne  sautait  reproduire  les  tourbiilons  qui 
sont  issus  (Tune  ligne  de  glissemcm  dont  !a  position 
dipend,  outre  de  la  giomitrie  pricise  et  iventuellement 
des  irrigularitis  de  la  peau,  du  nombre  dc  Reynolds. 
Cette  dipendance  du  positionne merit  de  la  ligne  de 
glissement  et  de  Tintensiti  de  Timission  tourbillonnaire 
vis  a  vis  de  la  viscositi  et  iventuellement  dc  la 
turbulence  rend  peu  rialistc  use  approche  fiuide  parfait 
pour  ces  giomitries.  Par  centre,  il  apparail  qi>e  sur 
les  bords  d'attaque  aigus,  les  gradients  de  pression 
criis  par  les  petits  rayons  de  courbure  sont  tels 
qu'ils  positionnent  correcteraent  Tichappemcnt 
tourbillonnaire  en  calcul  EULER.  Ceci  est  valable  pour 
les  bords  d'attaque  aigus  de  voilure  et  dc  canard. 

Pour  la  deuxiime  partie  de  Titude  qui  cortccmera  la 
dissymitrisation  des  tourbiilons  de  pointe  avant 
-phino  mine  non  encore  totalement  ilucidi 
cxpirimcntalement-,  une  approche  EULER  classique 
est  insuffisante.  Nous  utilise ro ns  alors  un  code  EULER 
dans  lequel  on  impose ra  des  dicollcments  en  modifiant 
les  conditions  aux  limites  et  cn  sollicitant  la  dissymitrie 
scion  des  lignes  de  maillage  spicifiics. 

Ajoutons  igalement  que  le  code  pseudo-instationnaire 
employi  -ulilisant  de  plus  un  pas  de  temps  local 
faussant  la  cohdronce  tempo rclie  entre  deux  points  du 
maillage-,  force  la  convergence  vers  tin  that  permanent 
qui  ne  saurait  reprisentcr  correctement  les  imissions 
altemies  pouvant  tire  expirimentalemcnt  observies  A 
tris  grande  incidence  (cf.  simulations  dc  [Rif.  3D. 
Malgri  les  limitations  inhirentes  au  code  EULER,  ce 
type  de  modilisation  fut  tout  de  mime  retep.u  pour  sa 
souplesse  d'utilisation  et  son  coit  relalivement  modeste. 

4  ANALTSE  DES  COEFFICIENTS 
AERODYNAMIQUES. 

Les  conventions  utilisies  dans  le  cadre  de  cette  crude 
sont  reprisenties  sur  !e  schima  dc  la  plane  he  4. 
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4.1  Con  fi|u  ratio*  mm  ddrapag*. 

Un  balayagc  en  incidence  fut  tout  d'abord  (Studio  sans 
ddrapage  (P”0°)  d e  i  ne  s'inldresser  ou'au 

probkmc  de  stability  kmgitvdinak.  Le  dorotioe  dc 
variation  re-ouvre  le  point  de  portance  maximal* : 

4.1.1  Analyse  de  la  portance  Cr 

Pour  li  coefficient  dc  portance  adrodynamiquc  Cj,  La 
contribution  des  diffdrcnts  sous-cnseinbks  de  1'avion 
(voilure,  fuselage,  canaru)  a  pu  etre  ddtaiUde  en 
integrant  le  coefficient  de  pttsston  Cp  s^ectivement  sur 
chaque  dldment  (cf.  planche  5).  On  appelkra  tt»„ 
l'incidence  de  portance  maximal*  de  1'avion  entier, 
obtenoe  par  lc  calcol. 

On  constats  atom  un  plafor  tneroem  de  la  portance  de  la 
voilure  vers  ara*x-50  puis  ur  d&roissance  tdgulkre. 
Par  conire,  ie  fuselage  augment  .  sa  contribution  jusqu'i 
a^jm+S”.  En  ce  qui  concerns  le  canard,  sa 
contribution  augments  continusnent.  Du  fait  de  son 
braquage  initial  fortement  ndgatif,  l'incidence  de 
portance  nulic  riest  atteinte  qu'autour  de  “bmi45*’  06 
qui  met  en  dvidence  1’influencs  du  champ 
adrodynamiquc  de  l'aile  sur  le  canard.  Notons  que  dans 
une  large  plage  cTincide.tce,  le  canard  a  une 
contribution  quasi  lindaire  cn  Cj.  mais  qtfune  saturation 
se  ddcdk  en  ext&niuS  du  domaine  coniiddrd. 

La  confrontation  avec  ks  rdsuJuts  dc  soufflcrie  indique 
un  accord  qualitatif  (cf.  planche  6)  satisfaisant  Les 
phdnomtnes  sent  reproduits  bien  que  ni  le  niveau,  ni 
Tangle  (fincidencc  ne  soient  prddits  avec  exactitude. 

4.1.2  Analyse  du  moment  Cm 

Le  moment  de  tan  gage  Cm  total  cioit,  culmine  vers 
“mas  puis  ddcroit  (cf.  planche  7).  Le  fuselage  a  une 
contribution  destabilisanle  maximale  vers  celts  mime 
incidence.  Le  canard  destabilise  progressivement  4 
mesure  de  sa  prise  tfincidence.  Pas  contre,  la  voilure 
voit  son  moment  de  tangige  devenir  de  plus  en  plus 
stabilisant  (C,n<0). 

4. 2  Configuration  avec  ddrapage. 

Sur  "avion  en  defense  i  piquet,  un  ddrapage  de  5°  er* 
appliqud. 

4.2. 1  Analyse  de  la  portance  Ce 
Le  ddrapage  frit  subir  i  1'avion  entier  une  Idgire 
diminution  du  coefficient  de  portance  (cf.  planche  8). 
Lorsque  la  contribution  propre  de  chaque  demi-avion 
est  analysde,  on  constate  que  le  demi-avion  gauche 
(cfltd  au  vent)  porte  systematiquemenr  plus  que  le  tlemi 
avion  droit  (sous  le  vent),  landis  que  le  demi  avion  de 
rdfdrence  en  ddrapage  mil  s'intercale  entre  les  deux 
niveaux  pideddents.  Ce  phinomdne  est  coherent  avec 
1’effd  dc  fliche  cUssique  (Tune  analyse  fluid*  parfait 
qui  a  pour  consdquence  d’augmentcr  le  gradient  de 
portance  de  l'aile  au  vent  par  diminution  de  sa  fldclie 
apporente.  Par  centre,  on  remarqoc  que  passd  aatl, 


l'aile  au  vent  mbit  un  accident  caractdristique  des 
avion:  delta  :  la  flfebe  diminuant  pour  l'aile  au  vest, 
1'dcoulement  touibillonnaire  est  destibilisd  et  le  vortex 
tfspex  delate. 

4.2.2  Analyse  de  la  force  latirale  Cyj. 

Le  coefficient  d'effort  latdral  exprimd  dans  le  repire 
avion  Cyj  est  ddcomposd  scion  ses  contributions  du 
fuselage  et  dc  la  ddrive  (cf  planche  9).  Le  Cyi  du 
fuselage  est  relarivement  constant  Par  centre,  la  “drive, 
initiakment  soumise  k  reflet  girooette  rdduit  son  effort 
de  rappel  et  1'inverse  rodme  Cyj<0. 

4.2.3  Analyse  du  lacet  Cnj. 

Le  coefficient  dc  lacet  dans  le  repine  avion  Cn],  est 
exprimd  pour  chaque  dldment  constitutif  (voilure, 
fuselage  et  ddrive)  sur  la  planche  19.  D  fut  apparaltre 
l'effct  (fiitversion  de  stabilitd  de  la  dinve.  Cod  k 
traduit  par  un  coefficient  Cnj  ndgatif  rdvdlateur  (fun 
couple  instable. 

4.2.4  Analyse  du  rovlls  C/p 

Le  coefficient  de  rod  is  Cjj  exprimd  dans  le  repOre 
avion,  intigre  deux  phdnotnine*  prdeddemment  mis  en 
dvidence : 

*  chute  du  rappel  girooette  de  la  ddrive 

*  chute  du  diffdrenliel  du  Cj  voilure. 

Ces  deux  effetr  (ddrive  et  voilure)  se  cumuknt  et 
cotvhiisent  k  une  trbs  forte  diminution  de  la  vakur  du 
rappel  en  roulis  (cf  planche  11). 

5-  ANALYSE  DU  CHAMP  AER0DYNAM1QUE. 

5.1  Analyse  parktak. 

Le  champ  des  vitesses  est  repidscmd  sur  la  peau  de 
l'avioa  sous  la  forme  de  poils.  Une  vue  latdrak  (cf 
planche  12)  prdsenie  l'effct  cfinddcnce  k  ddrapage  nul 
sur  la  vitesse  paridtsle.  On  remarque  la  ddflexioo 
progressive  des  vecteun  vitesse  avec  l'incidence.  A 
Ofluj-lO®,  le  canard  est  ddporteur  et  k  “bmj+50.  il  est 
dans  le  lit  du  vent  local. 

A  am4X+15°,  on  peut  noter  que  la  ddrive  est  ddventdc 
(masque  du  fuselage  et  de  la  voilure). 

La  planche  i3  prdsenie  l'cxtrados  k  amtI-10*  et  k  a 
mju+50  dans  le  cas  du  ddrapage.  On  peut  y  noter  en 
peuti  culicr  4  l'incidence  la  plus  dlevde,  la  dissymdtrie 
des  demi-voilures :  l'aile  gauche  (au  vent)  est  ddventde 
(dclatenwit  du  vortex)  ilors  que  l’aile  droite  (sees  le 
vent)  porte  encore  la  marque  du  vortex. 

5.2  Analyse  dans  le  champ. 

Des  coupes  du  champ  dans  un  plan  si  tad  k  X  constant 
au  niveau  du  pied  de  ddrive  permettent  (Tanalyser  la 
raison  de  l'inversion  de  l'effct  girooette  4  5* 

co mine  on  avail  pu  le  ddtect er  4  partlr  de  l'analyse  des 
coefficients  Cy,  C^jet  Cjj.  Sur  ces  coupes,  ks  poils  de 
vitesse  sent  surimposds  au  champ  des  presskm*  (cf. 
planche  14).  A  amu-10°,  on  constate  une  sutpression 
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sur  la  iaoc  au  vent  de  la  derive  (conduisant  &  1'effct 
girooeUe).  Les  vitesses  permrttent  de  noter  une 
predominance  du  touibillon  au  vent  (sur  la  droite  de  la 
vuc)  par  rapport  4  l'aile  sou s  le  vent 
Par  centre,  4  amt|T+50,  le  champ  des  vitesses  indique 
que  la  derive  serait  alimentife  de  €*?on  symetrique.  De 
plus,  la  zone  depressionnaire  issue  de  l'&latement  du 
touibillon  d'extrados  de  l'aile  au  vent  sc  rapproebe  de  la 
derive  et  vient  induire  alors  des  pressions  negatives 
oonduisant  4  alors  4  l'inversion  de  1'effet  de  girouette. 

5.3  Enjcignementi. 

On  a  pu  ainsi  montrer,  4  1'aide  de  codes  industrials 
relativement  dconomtques  qu*une  prediction  en  accord 
qualitatif  avec  l'expdtience  pouvait  fctre  obtenue  en  cc 
qui  concerne  les  coefficients  adrodynamiques  et  leur 
Evolution  en  fonction  de  alpha  pour  le  domaine  des 
hautes  incidences.  En  particulier,  la  perie  de  stability 
girouette  de  la  derive  avec  l'inddence  (classique  de  la 
configuration  monoddrive  dorsale)  a  pu  Are  retrouvfc 
par  le  calcul.  Mais  de  plus,  I'attrait  des  calculs 
adrodynamiques  reside  en  l'analyse  spatiale  qui  peut 
itre  mende  en  vuc  d’aider  4  la  comprehension  des 
phdnomines  adrodynatniques  responsables  de 
problimes  dventuels  de  stability 

6-  ETUDE  DE  LA  DISSYMETRISATION  DE  LA 
SOLUTION. 

11  a  souvent  itt  observe  expert  mental  cment  [Ref.  4} 
('existence  d'effort s  lateraux  4  la  fois  intenses  et  non 
ptedictibles  sur  des  pointes  avant  coniqucs  placets  en 
incidence.  Ceux-ci  sont  cries  par  une  mdlastabilite  du 
systiroe  touibillonnaire  pouvant  ctrc  induite  par  une 
perturbation  mime  mini  me  de  l'iccuJement. 

Une  deuxiime  etude  fut  aiors  engagee  en  vuc  d'itudicr 
la  capaciti  des  codes  4  reproduire  les  micanismcs  efune 
part  demission  touibillonnaire  sur  un  corps  eiance  et 
d'autre  part  la  dissymetrisation  de  ce  systime 
touibillonnaire  avec  l'incidence. 

6.1  neclcnchcmtnt  foref  des  tourbiilooj. 

Or,  le  code  EULER,  utilise  sur  une  pointe  evant  ne 
donne  pas  de  touibillon;  car  les  recompressions  sont 
insuffisantes  pour  induire  des  dicollemcnts  spomands 
qui  sc  produiraient  sur  les  lignes  dc  glisscment. 

Uce  procedure  particuliirc  cst  alots  utilisdc  de  faqon  4 
reader  anificieilemnt  un  d&ollemcnt  le  long  des  lignes 
de  glisscment  La  technique  utilisdc  est  alors  la 
suivante.  Sur  la  pointe  avant  fincmcnt  mail  lie,  un 
calcul  EULER  est  realise.  Un  calcul  de  couche  limite 
est  ensuite  conduit  Cdui-ci  met  en  evidence  que  les 
lignes  dc  couram  transitionnent  par  effet  transversal 
puis  decollent  le  long  d’unc  ligpe  de  glisscment  (cf. 
figure  15,  ou  resolution  du  paramblre  de  forme  H  est 
reprisentee  pour  qtielqucs  iignes  dc  courant).  Le  calcul 
EULER  ne  rcptescntant  pas  les  effets  visqueux,  ies 
’ignes  dc  courant  ne  s'accumttlent  pas  1c  long  dc  la 


ligne  de  glisscment  comme  on  peut  1'obsetver  ca 

nialite. 

On  est  done  amend  4  introduire  une  modification  des 
conditions  aux  limites  le  long  de  la  Ligne  de  glisscment 
de  maniere  4  imposer  un  decolkraeut  le  ’eng  de  celle-ci 
4  chaque  iteration.  L'intertt  de  l’utilisarion  du  maitlage 
structure  (I,  J,  K)  dans  cette  configuration  de  pointe 
avant  cooique  est  de  pouvotr  aisement  designer  la  ligne 
de  glisscment  par  identification  4  une  ligne  topologique 
(M,4i„j,ig. 

La  modification  des  conditions  aux  limites  sur  deux 
lignes  symetri  ,ue  donne  effectiveroes:  t  raissanct  4  deux 
tourbillons  symetriques.  On  a  p*i  remarquer  que  cette 
modification  dtait  sans  effet  notable  4  faible  incidence 
mais  qu’elle  se  iraduisait  4  gnnde  incidence  par  une 
forte  emission  touibillonnaire.  Cette  modifi'-ition  des 
conditions  aux  limites  s'apparente  done  diwCtivenient 
au  phenomene  physique  de  creation  de  tuurbillon. 

6.2  Dissvmetris&tiog  des  tourbil’mu. 

Dans  une  deuxiime  etape,  on  a  chcrche  4  reproduire  la 
dissymdtrie  observde  expert  mentalemcnt  sur  des  pointes 
avant  4  tris  forte  incidence  et  4  ddrapage  nul. 

Notre  calcul  cst  ainsi  rendu  dissymluique  par  le  biais 
des  conditions  aux  limites  contrai  remem  4  dautres 
etudes  (cf.  (Ref.  3})  qui  ont  joue  sur  une  deformation 
geometrique  pour  rompre  la  r-meuie.  Ainsi.  pour 
obtenir  par  ic  calcul  une  dissymetrie  4  (5*0°.  \1  ».  ti 
necessaire  de  soliiciter  U  dissymetrie  du  systdme 
touibillonnaire  au  niveau  des  deux  lignes  de 
decollcment  pri^demment  specif.ecs  4  I'aide  du  calcul 
de  couche  limite.  On  a  ensuite  choiw  de  dicaicr 
longitudinalemcnt  une  ligne  par  rapport  4  l'autre.  Dans 
le  cas  present,  la  ligne  droite  de  la  pointe  avant  est 
d£caiec  de  10  cm  en  aval.  On  a  pu  noter  une  grande 
scnsibilite  dec  efforts  lateraux  vis  A  vis  du  decaltgj 
longitudinal,  ce  qui  est  coherent  avoc  les  p.^blimts  de 
repetitivite  observes  en  soufllerie. 

La  plane  he  16  preseme,  dans  le  cas  d'un  calcul  4  60°, 
les  isovaleurs  de  1'cn tropic  scion  des  coupes  4  X 
constant,  vues  de  1'avanL  Un  premier  t<  tubilloa  cst  c xii 
par  la  premiere  ligne  siroee  4  gauche  (n°l  4  druse  de  la 
coup:).  C i  touibillon  est  ensuite  eject ec.  Un  dcuxit.nc 
touibillon  est  emis  pax  la  ligne  droite  (n°2  4  gauche  de 
la  coupe).  Celui-ci  cst  beaucoup  plus  imensj  c,  les 
gradients  de  pression  sont  plus  forts  que  .fcxv  dc  la 
creation  du  tourbiilon  n°l.  En  aval,  un  troisidme 
touibillon  (n°  3)  est  redmis  par  la  premiere  ligne.  Cette 
dissymetrie  de  1'ecoulctncnl  (cf.  planchc  16)  se  in' 'it 
par  des  efforts  lateraux  considerables  dom  fimolltude 
est  constatee  6tre  du  me  me  ordre  de  grandeur  que  ceilc 
qui  a  pu  etre  observes  expert  men  takment  4  tris  haute 
incidence  (S509). 

7- CONCLUSION. 

D'un  point  de  vue  general,  I'coscmbie  des  p  Kino  mine* 
et  des  tendances  relcvds  cr.  soufflerie  ont  fcien  Hi 
rctrouves.  Sans  donner  des  rtsuliats  quanliutife 
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suffisamment  Cables,  le  calcul  permet  une  analyse 
ditaillie  (intigrations  partidlts,  coupes  dans  le  champ, 
etc.)  et  const!  tue  dijA  un  compliment  essentid  aux 
csrais  en  souflterie  pour  l'identificalicn  de  I'&oulcmcnt 
aitour  d*un  avion  4  grande  incidence. 

Cette  itade  a  montri  que  1 'utilisation  dhic  code  EULER 
-fieri  que  limiti  par  essence-  sur  une  configuration 
<F avion  4  grande  incidence  peut  donner  des  risultnts 
facilement  exploitable*  et  dout  h  qualiti  autorise 
1'analyse  de  U  nature  de  ricoukoent.  En  praunt 
exexnpk  de  l'avion  entier  RAFALE  A,  cn  a  pu  tnettrc 
at  ividcnce  le  diveloppetnent  4  grande  incidence  de  la 
tendance  naturdle  4  la  perte  de  stability  en  laoct  De 
plus,  un  essai  de  modification  su  niveau  des  condituns 
aux  limites  pari  dales  a  perrnis  de  crier  une  dissymitrie 
dans  l'icou’eroent  efune  pointe  avant  et  ains.  de  mettre 
cn  ividcnce  par  le  calcul  des  efforts  Iatiraux  dont 
l'amplitude  est  en  accord  avec  les  ordrcs  de  grandeur 
relcvis  expirimentalement 
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Planche  7 :  Decomposition  par  elements  du  Cm. 
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Planche  10  :  Decomposition  du  Cnj  avec  derapage  p-5°. 
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Plirche  12  :  Vilcsses  parities,  vue  de  coti.  p-=0°. 
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Planchc  15  :  Ligncs  dc  couraat  sur  pointc  avant 
Evolution  du  paramitrc  dc  forme  H. 


Planchc  16  :  Evolution  dc  remission  tourbillonnaire 
dans  des  nlans  X=c$t  sur  la  pointc  avant 
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The  concept  of  applying  suction  at  the 
nose  of  forebodies  at  high  angles  of 
attack  to  control  the  vortex  flow  was 
tested  in  two  dynamic  wind-tunnel 
experiments  on  largo  scale  versions  of 
the  Defence  Research  Agency  (DRA)  High 
Incidence  Research  Model  (HIRM1)  in  the 
DRA  24ft  wind  tunnel. 

The  first  experiment  with  a  HIRM1  wind- 
tunnel  model  mounted  on  a  free-to-yaw 
rig  used  an  analogue  control  system. 

The  model  was  controlled  at  angles  of 
attack  of  28*  and  32.5*  by  applying 
differential  suction  through  small 
boles  near  the  nose  apex  to  minimise 
the  error  between  demanded  and  measured 
angle  of  sideslip. 

The  second  experiment  used  a 
free-f light  version  of  HIRM1  with  a 
digital  Departure  Prevention  System 
(DPS)  which  was  flown  successfully  in 
previous  experiments.  A  nos*  suction 
control  law,  designed  to  maintain  roll 
about  the  wind  axis,  was  added  to  the 
OPS.  The  model  was  mounted  on  a  rig 
which  allowed  freedom  in  yaw,  roll  and 
pitch,  the  tall planes  could  move 
symmetrically  and  differentially,  and 
the  rudder  was  used  to  augment 
directional  stability.  The  model  could 
be  flown  at  angles  of  attack  up  to 
about  30*,  with  the  suction  control  law 
active,  but  would  diverge  In  yaw  and 
roll  if  the  suction  was  turned  off. 

Mtt.Qf.BTWQtf 

F  Factor  in  suction 

control  law 

GW, GO, GOD.  Longitudinal  gains  in 
GA.GAL  DPS 


GP,GPD,GPXF  Lateral  gains  in  DPS 
GPH2.GP33, 

GRZ.GR.GRD, 

GBZ 

g?,  gj,  g3  Gains  in  ideal 

proportiooal/inUgral/ 
differential  controller 
Gj,  Gj,  Gj  Gains  in  analogue 

controller 

Kpj,  Kjj  Gains  in  digital 

controller  in  suction 
loop 

n  Lag  in  analogue 

controller 

P  Gain  in  analogue 

controller 

p,  q,  r  Roll,  pitch  and  yaw  rater, 
deg/sec 

0  Flow  rate,  cc/min  or  m3/* 

s  Operator  in  transfer 

functions 

t  Time,  seconds 

V  Hind  spaed,  m/s 

tf,  ij  Distances  of  eg  from  pivot 

along  body  axes,  a 

a  Angle  of  attack,  degrees 

Limiting  angle  of  attack 
(ie  3»).  degrees 

StOK  Corrected  angle  of  attack 

from  calibration  of  vanes, 
degrees 

8  Angle  of  sidaslip,  degrees 

Taliplane  angle  (Port. 
Starboard),  degrees 
f  Yaw  angle,  degrees 

U  Gain  in  analogue 

controller 

v,  p'  Lags  in  analogue 

controller 

o  Gain  in  analogue 

controller 
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1  IWTMQOffCTICK 

It  hat  been  established  that  the 
vortices  shed  by  the  forebody  of  an 
aircraft  become  asyccetric  at  high 
angles  of  attack,  even  at  zero  sideslip 
angle,  causing  large  sideforce  and 
yawing  accent  .  Froc  their  symmetric 
positions,  one  of  the  vortices  cores 
away  froc  the  surface,  and  the  other 
aoves  closer,  bat  which  aoves  in  a 
given  direction  is  arbitrary.  The  sign 
of  the  sideforce  is  also  arbitrary  and 
aay  change  as  angle  of  attack 
increases,  however  for  a  given 
configuration  at  a  particular  angle  of 
attack,  tbs  aagnitude  of  the  sideforce 
is  bounded  . 

These  asyasetries  in  the  sideforce. 
yawing  accent  and  roiling  accent  cause 
aircraft  to  depart  froc  gyntrlc 
flight  conditions,  and  car.  lead  to  a 
departure  froc  controlled  flight. 

The  investigation*5'*  on  the  active 
control  of  the  forebody  vortices  have 
culminated  in  dynamic  wind  tunnel  tests 
on  larger  versions  of  the  High  . 
Incidence  Research  Model  (HlfWl)’. 
Originally  it  was  planned  to  test  the 
control  systea  in  free-f light,  but 
changes  at  the  range  and  lack  of  effort 
prevented  this.  The  concept  was 
therefore  tested  in  various  stages  and 
two  experiments  in  the  EM  24ft  wind 
tunnel  are  reported  hare. 

The  first  expert cent  used  the  wind 
tunnel  version  of  the  large  model  or.  a 
free-to-yaw  rig.  ecd  repeated  an 
earlier  experiment'  with  the  same 
analogue  control  systea.  The  model  with 
a  longer  forebody  gave  greater  control 
power  in  yau  at  a  given  angle  of  attack 
and  conttol  of  the  model  was  possible 
at  a  -  28*  and  32. 5*  for  tunnel  speeds 
between  50  and  25  c/s.  The  second 
ex  pari  cent  used  the  codified 
free-filght  model  on  a  new  rig  in  the 
ORA  24ft  wind  tunnel.  The  rig  has  a 
gicbal  system  allowing  freedom  of 
rotation  in  yaw,  roll  and  pitch,  but  it 
war  also  possible  tc  prevent  rotation 
about  the  roll  and  pitch  axes  by 
applying  brakes.  The  digital  Departure 
Prevention  System  developed  by  BAe 
Brough*5,11  was  extensively  tested  la 
frec-flignt  and  was  codified15  by  BA? 


for  this  experiment .  The  lateral 
stability  was  enhanced  and  a  control 
law  added  which  used  nose  suction  to 
■aintain  roll  about  the  velocity  axis, 
this  being  highly  desirable  for 
■anoeuvres  at  high  angles  of  attack,  to 
keep  sideslip  to  lew  levels  and 
requires  significant  yawing  accents 
from  the  sercdynaclc  controls. 

2.1  Dsccriptlcc  of  model  awl 
frec-to-yssr  rif 

A  large  codel  of  KlHKl  was  converted 
for  testing  in  the  CM  5u  triad  tcsnel 
in  support  of  research  into  the 
prevention  of  departure  at  high  angles 
of  attack.  For  the  free-to-yaw 
experiaent  the  nose  probe  was  removed 
and  replaced  by  as  ogival  forebody  with 
a  sharp  conical  nose  which  had  two 
small  holes  of  approximately  0.7 Saw 
chase  ter.  7m  hack  free  the  tip. 
situated  30*  down  froc  the  tep  pl.»c*  of 
symmetry,  at  near  to  the  apex  as  it  was 
possible  to  cake  thee.  The  GA  of  tbe 
codel  is  mown  in  Fig  1.  Tbe  code!  at 
the  chosen  angle  of  attack,  canard  and 
tail pi an*  surfaces  fixed,  was  mounted 
on  the  rig.  an  s  single-axis  gicbcl 
(Fig  2).  so  that  it  was  free  to  rotate 
in  yaw  about  the  axis  normal  to  tbe 
fuselage.  Tbe  maximum  deflection  in  yaw 
could  be  restricted  by  Gfcpe.  The  fm 
did  not  incorporate  a  rodder,  so  the 
only  aerodynamic  central  was  froc  nose 
suction  as  a  sldeslip-dcoasd  system 
(Fig  3}  to  maintain  dec  ended  position. 
The  pucp  generating  suction  was  outside 
the  tunnel,  and  a  suction  level  of 
1  pci  (6395  H/*r)  was  sufficient  to 
generate  the  flow  rate  required.  To 
provide  a  stabilising  accent  free  the 
weight  component,  the  codel  was 
ballasted  aft,  and  a  spare  canard 
surface  was  fixed  to  the  underside  or 
the  fuselage  as  a  ventral  fin  to  give 
sore  positive  directional  stability. 

Transition  strips,  along  the  80* 
generator,  gave  a  turbulent  separation 
behind  the  nose  cone  end  previous 
tests5*’  had  shewn  that  the 
longitudinal  station  of  the  change  froc 
laminar  to  turbulent  separation  (which 
depends  on  Reynolds  Humber)  affected 
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the  nege.itad*  of  tba  mainon  control 
pours  in  the  jitSaforca  and  yawing 


2.2  ?ligbt  control  ay* taw  mi  analogea 

controller 

T fen  Flight  Control  Sysla*  ms  identical 
to  that  described  in  Ref erase*  4.  Two 
mcro  actuator*.  driven  differentially 
by  signals  fro*  the  analog** 
coet cellar,  ware  connected  to  needle 
valves  which  changed  tba  flow  rata* 
tkrongh  tba  noa*  Sola*  (rig  4).  A 
potent  loan t*r  was  used  to  asemre  angle 
of  yaw.  proportional  to  angle  of 
sideslip  for  constrained  action  oa  a 
frne-to-yaw  r*g.  mi  the  signal  was 
vend  as  feedback  to  the  controller. 

The  controller  (Fig  3)  was  a  lensni* 
Syrian  laplenantad  an  an  analogoa 
conpnter,  ia  the  difference  between 
nnaantod  and  amended  angle  of  yaw  wan 
sloinisad  cslag  4 

propcrtiooal/letwgrsl/  differential 
(FIO)  control  taw. 

Tba  differential  flow  rale.  fC.  is 
Ideally  given  by 

*0  *  F.<gj  *  g.n.'sl^lsll.i**  - 


the  resultant  angle  of  yaw  waa  achieved 
with  decreased  port  flow  rata  sod 
increased  starboard  flow  rata  due  to 
the  negative  deauid  froa  the 
controller.  For  the  constrained  notion 
in  yaw,  the  angle  of  sideslip  is 
proportional  to  the  yaw  angle  but  of 
the  opposJM  sign,, 
i.e  5.  =  -f  con*«.  and  p  =  r  seen. 

Tba  suction  was  than  turned  off  and  tba 
aodel  stabilised  at  a  yaw  angle  of 
about  -4.5*  corresponding  to  a  balance 
of  the  yawing  accents  due  to  tba 
aaysnatric  forebody  flown  and  aidaalip, 
and  the  yawing  nonet  due  to  the  weight 
crag on sat.  The  controller  signal  was 
larga  aod  negative  ceasing  tba  port 
servo  to  close  and  the  starboard  servo 
to  open  fully  (tat  with  no  flow 
throiqps). 

Tba  flow  ratss  for  xaro  daaand  to  the 
servos  control 1 lag  the  petitions  of  the 
needle  valves  were  sst  to  j83  cc/aln, 
to  tasbls  changes  is  both  port  and 
starboard  flow  ratss  for  negative 
das  rule  to  the  servos.  Tbs  asaieaa  flow 
rate  for  tba**  teats  was  choeea  to  be 
about  40G  cc/als.  and  wind-off  checks 
indicated  that  350  cc/nis  we*  achieved, 
aa  indicated  on  tba  scales. 


wfaam  the  square  brackets  dsnot* 
transfer  functions.  m£  f  is  tba 
scaling  factor  required  for  the 
physical  units  used  for  IQ  miA  f. 
bum:  ttn  analogs*  circuit  was  found 
to  introdace  additional  lags,  aed  the 
actual  fora  of  the  transfer  f tactic* 
waa  asalyand  to  b» 

10  *  F.(Gy  •  C;|0/(S*p  > J*Gj[s3/(**? j  1 ! 

.(Ijjj'  -  (1  «  p*/(s*a)l-l»i5> 

Tba  differentia!  of  the  anaacrad 
angle  of  sideslip  was  included  to  give 
additional  danpieg. 

2.3.1  If fact  ef  anctlaa  cantrol 

Tba  rrwpoeee  of  tno  nodal  it  t  >  32. 5* 
aed  tonal  spaed  of  Id  n/a,  with 
suction  on  and  off  is  shown  is  Fig  5. 
The  section  controller  was  active  for 
tbs  first  21  seconds  of  the  racord.  tba 
denaoded  angle  of  sideslip  ***  xaro  and 


Tba  auction  pong  was  tamed  on  again  at 
about  63  seconds,  and  the  nodal 
returned  to  a  xaro  logic  of  sideslip, 
altar  both  servos  cvirWWit  tba  steady 
position.  It  can  be  sees  that  a  snail 
aaplitwd*  cscl llatton  was  proses*  an 
tbe  range****,  the  source  of  which  has 
set  beau  identified  bet  this  test 
taarjMtratnd  tbs  effectiveness  of  the 
suction  centra)  to  aaistaix  xsro  angle 
of  sideslip  is  the  pixsece  of 
upMUie  forabody  flows. 


2.3.2 


kith  tba  nodal  at  a  *  32.5*  and  a 
tseasi  speed  of  10  «/*.  the  responaa* 
to  a  saris*  of  stop  change*  in  danaadad 
sideslip  cm  be  seen  ia  Fig  6.  Tbe  two 
lowest  traces  show  the  mk  levels  of 
flow  ratss  needed  to  sat stale  tba  yar 
aagla  between  6.5*  and  -4*.  Thera  ig  a 
lag  between  tba  denied  (second  trace) 
aod  tbe  yaw  angle  (top  trace),  bat  the 
various  levels  are  bold,  except 
possibly  for  the  highest  daaand  at 
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t  >  80mc. 

Further  tests  showed  that  with 
increased  tunnel  speed  (V  =  25  mj? 
Reynolds  Rusher  =  1.5  z  10’)  the 
oscillations  in  the  PID  output  and 
servo  positions  were  of  higher 
frequency  and  such  larger  amplitude, 
but  a  reason  for  this  uas  not  found. 
More  discussion  on  this  can  be  found  in 
Reference  9. 

2.3.3  Ussponaa  to  pulse  dam ads 

Computations  done  before  the 
wind-tunnel  tests  indicated  that 
airspeed  bad  an  effect  on  the  lag  of 
the  response.  This  effect  can  be  seen 
in  the  experimental  responses  in  Fig  7 
for  a  s  32.5*.  A  pulse  denand  was 
applied  to  the  PID  controller  and  at 
V  =  10  m/s,  the  response  was  sluggish 
end  there  was  appreciable  overshoot  at 
t  =  9  sec,  doe  to  the  port  needle  valve 
being  fully  open  and  the  starboard  one 
closed.  As  the  speed  was  increased  to 
15,  20  and  25  m/t,  there  was  a  decrease 
In  the  lag  between  the  demanded  and 
resultant  yaw  angle  and  an  Increase  in 
frequency  and  aaplitude  of  the  PID 
output.  The  decrease  in  lag  was  slellar 
to  that  in  computations,  but  it  was  not 
possible  to  see  any  significant  change 
in  the  amplitude  of  yaw  angle  due  to 
tunnel  speed. 

3  FWI-TO-TAM/AOLL/PITOB  HHEfflBg 

3.1  Description  of  model  sod 
frem-to-yam/roll/pitch  r 

The  original  plan  to  test  the  n  <e 
suction  concept  on  a  freely  flying 
model  dropped  from  a  helicopter  becane 
virtually  impossible  due  to  changes  at 
the  range  and  low  priority  access  to  a 
helicopter.  It  was  therefore  decided  to 
design  a  new  rig  for  the  DRA  24ft  wind 
tunnel  which  would  allow  a  aodel  to 
respond  in  yaw.  roll  and  pitch  angle, 
and  modify  a  free-fllght  model  to  be 
fixed  to  a  3-axis  gimbal  on  the  rig. 

The  original  forebody  and  nose  probe 
were  replaced  by  the  forebody  and  nose 
cone  used  in  the  free-to-yaw  teste, 
saking  the  external  geometry  of  the  two 
models  identical  (except  that  the 
ventral  fin  was  not  used).  The  canards 


were  fixed  at  zero  degrees  to  the 
Horizontal  Fuselage  Datum  (HFD),  but 
the  tailplanes  and  rudder  were  driven 
by  the  flight  control  system,  via 
electro-  mechanical  actuators.  The 
aodel  mounted  on  the  new  rig  is  shown 
in  Fig  8,  with  the  close-up  view  (Fig 
8a),  showing  the  rudder  hinge  line,  the 
deflected  tailplane,  and  the  a- vane  on 
the  port  side  near  the  trailing  end  of 
the  transition  strip  on  the  forebody. 
The  bomb  slip  on  the  top  of  the 
fuselage  was  used  for  carrying  the 
model  under  a  helicopter  for 
free-flight  tests. 

Keedle  valves.,  driven  by  electro¬ 
mechanical  actuators  responding  to  the 
FCS,  controlled  the  flow  rates  through 
the  port  and  starboard  holes.  A 
constant  level  of  suction  was  applied 
to  the  other  side  of  the  needles,  using 
a  small  electric  pump  installed  In  the 
fuselage. 

The  transducers  used  for  flight  trials 
were  installed  in  the  model  and 
included  rate  gyros  to  measure  roll, 
pitch  and  yaw  rates,  and  an  horizon 
gyro  to  measure  pitch  and  roll  angles. 
Angles  of  attack  and  sideslip  together 
with  all  these  signals,  apart  from 
pitch  angle,  were  inputs  to  the  onboard 
flight  control  system.  The  vanes 
measuring  the  angle  of  attack  and 
sideslip  were  on  the  fuselage,  and  were 
calibrated  ir.  static  tests'  .  Responses 
of  about  30  variables  could  be 
monitored  in  the  control  room,  with  a 
maximum  of  8  synchronous  channels  of 
chart  records  being  possible. 

The  model  was  mounted  on  the  same 
cranked  support  as  the  free-to-yaw  rig, 
at  mean  angles  of  attack  of  between  20* 
and  37*.  It  was  held  above  the  cranked 
support  on  the  3-axis  gimbal,  with 
freedoms  of  z7*  in  pitch  and  *20*  in 
both  roll  and  yaw.  Brakes  could  be 
applied  on  the  pitch  and  roll  axes  to 
hold  the  model  at  constant  angle  of 
attack  and  zero  hank  angle 
respectively.  The  wodel  is  shown  at  a 
large  angle  of  yaw  in  Fig  8b,  the 
resulting  bank  angle  being  associated 
with  yawing  moment  about  the  geometric 
body  azis. 
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The  eodel  wee  ballasted  to  sake  the 
centre  of  gravity  as  near  as  possible 
to  the  centre  of  rotation  for  the 
giabal  systea.  Longitudinally  the  eg 
needed  to  be  less  than  0.02e  fro*  the 
pivot  point  for  the  available 
aerodynaaic  pitching  assent  froa  the 
tailplanas  (at  the  low  speeds)  to 
balance  the  aoaent  due  to  the  weight. 

It  was  also  found  that  the  roll  control 
available  was  not  sufficient  to 
counteract  the  unstable  noaent  fro*  the 
weight  if  the  eg  was  aore  than  about 
0.003a  above  the  pivot.  The 
longitudinal  eg  position  could  be 
changed  fairly  easily,  with  ballast 
being  required  at  the  rear,  but  it  was 
difficult  to  reduce  the  height  of  the 
eg  above  the  HFD.  The  wing  is  above  the 
HFD  and  is  relatively  heavy,  so  501bs 
of  lead  shot  was  put  on  the  floor  of 
the  aodel,  about  10%  of  unballasted 
aodel  weight  of  5501b  (250kg).  This  did 
not  reduce  the  eg  height  sufficiently 
to  give  roll  control,  but  the  available 
voluae  restricted  addition  of  aore 
ballast. 

Soae  experiments  were  conducted  with  a 
101b  weijht  held  on  a  rod  fixed  to  the 
rear  of  the  aodel,  about  0.7a  below  the 
HFD,  and  control  was  found  to  be 
Marginal . 

To  iaprove  recovery  froa  extreme  angles 
of  yaw  and  roll  the  edge  of  the  cut-out 
in  the  floor  of  the  aodel  was  packed 
with  foa*  rubber  reducing  the  effects 
of  hitting  the  stops.  The  final 
experiments  were  conducted  with  a  201b 
weight  fixed  0.7a  below  the  fuselage 
just  ahead  of  the  pivot. 

3.2  Flight  control  systea  sod  digital 
controller 

The  control  systea  for  these 
experiments  was  auch  aore  complicated 
than  the  analogue  controller  described 
in  Section  2.2,  and  a  full  description 
of  the  control  laws  designed  by  BAe  is 
given  in  Reference  13. 

The  Departure  Prevention  Systea*1  for 
HIRM1  was  successfully  tested  in  free 
flight,  to  a  =  30*  approxinatoly  and 
it  was  decided  to  nodify  the  systea  to 
extend  control  up  to  a  =  32*.  end  also 


to  add  a  control  law  to  Maintain  roll 
about  the  wind  axis  using  nose  suction 
to  generate  the  required  yawing 
aoaents.  The  block  diagrams  for  the 
departure  prevention  systea  and  the 
nose  suction  control  systea  are  shown 
in  Fig  9. 

The  longitudinal  control  law  could  be 
either  a  pitch-rate  demand  systea  or  an 
angle-of-attack  limiter,  switching 
autoaatically  between  the  two.  It  could 
also  be  used  as  an  a- demand  systea  by 
applying  a  constant  high  level  of  pitch 
rate  desand  and  setting  the  a  Halt  to 
the  required  angle,  and  was  used  In 
this  way  for  these  experiaents.  The 
required  angle-of-attack  could  be 
changed  within  ±7*  about  the  chosen 
aean  angle  of  the  aodel  on  the  rig. 

The  roll  control  was  a  roll-rate  demand 
systea  with  roll  damper,  using 
differential  tailplane  for  roll 
control,  and  a  cross-feed  to  rudder  to 
enhance  roll  performance.  The  roll 
control  law  was  switched  out  and  the 
Automatic  Bank  Angle  Recovery  Systea 
(ABRS)  became  effective  for  5  seconds 
if  the  bank  angle  exceeded  a  set  limit. 
(The  directional  control  law  was  also 
switched  out).  This  Recovery  Systea  was 
needed  for  flight  experiaents,  and  was 
used  as  a  back-up  to  the  roll  brake  on 
the  rig,  to  prevent  large  bank  angles. 
The  directional  control  systea  was  a 
rudder  deaand  systea,  with  augmentation 
of  lateral/directional  stability  using 
redder  proportional  to  angle  of 
sideslip,  and  a  yaw  daaper. 

The  control  laws  required  angles  of 
attack  and  sideslip,  so  the  corrected 
values  had  to  be  calculated  froa  th<i 
vane  signals,  using  the  calibiatl  n 
data.  The  aean  of  the  port  and 
starboard  vane  signals  was 
substantially  Independent  of  angle  of 
sideslip  and  flow  rate.  The  difference 
between  the  readings  was  related  to 
sideslip,  but  was  affected  by  the 
forebody  vortices.  This  meant  that 
applying  flow  rate  affected  the 
Indicated  angle  of  sideslip,  which 
could  he  corrected  in  the  calibration, 
but  the  randoa  asyaaetry  at  zero  angle 
of  sideslip  and  zero  flow  rates  could 
not  be  Included  in  the  correction. 
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Thm  additional  control  law  using  nose 
suction,  minimised  the  yaw  rate  about 
the  wind  axis  (p.sin  a  -  r.cos  a)  in 
order  to  saintain  rolling  about  the 
wind  axis  and  prevent  large  angles  of 
6ideslip.  The  required  changes  in  flow 
rate  were  applied  differentially  to 
port  and  starboard  needle  valves,  so 
the  initial  flow  rates  were  set  at 
equal  non-zero  values  to  allow 
decreases  as  well  as  increases  in  the 
flow  rate.  The  differential  flow  rate 
was  given  by 

40  =  F.(K,S  ♦  K,sU/s]) 

.{p.sin  a-r.cos  a)  cc/sin 

with  r?$  =  50  and  K,s  =  150  for  F  =  1.0 
and  the  roll  rate  p  and  yaw  rate  r  in 
deg/sec. 

The  Flight  Control  computer  was 
extensively  bench-tested  using  a  free 
flight  Model  and  a  mathematical  Model " 
of  the  aerodynamic  forces  and  moments, 
to  simulate  the  motion  in  free  flight. 
The  responses  of  the  mathematical  model 
ware  used  as  inputs  to  the  Flight 
Control  laws,  and  the  resulting  outputs 
were  used  to  drive  the  actuators  of  the 
tailplanes,  rudder  and  the  needle 
valves.  The  loop  was  closed  by  feeding 
the  control  positions  to  the 
mathematical  model. 

A  problem  was  encountered  where  the 
signal  to  the  differential  tailplanes 
Increased,  at  arbitrary  rates  and 
random  sign,  with  a  drift  in  angle  of 
sideslip,  tending  to  result  in  a 
divergent  response.  The  source  of  the 
drift  was  investigated5  but  could  not 
be  eliminated. 

However  it  was  found  that:- 

a)  there  wan  no  drift  if  the 
integrators  were  switched  out  of  the 
control  loops  and 

b)  it  was  possible  to  maintain  control 
of  the  model  by  Introducing  pilot 
demands  to  roll  rate  via  pulses 
through  a  joy-stick-type  controller, 
the  sign  and  duration  of  the 
pulses  being  judged  by  the  'pilot'. 

On  this  basis  it  was  decided  to  use  the 
Flight  Control  System  in  the 
wind-tunnel  tests. 


3.3  CoapQtw!  raspocssi 

Initially  it  was  thought  prudent  to 
allow  the  model  to  respond  in  yaw  only 
but  controlled  by  the  lateral  laws  of 
the  digital  Flight  Control  System.  This 
was  achieved  by  keeping  the  roll  and 
pitch  brakes  on.  Before  'flying'  the 
model  on  the  rig,  responses  were 
computed  using  the  equations  of 
motion5,  yawing  moments  from  the 
mathematical  model  and  a  complete  FCS, 
for  various  longitudinal  positions  x^ 
of  the  eg  relative  to  the  pivot,  over 
an  a  range  from  20*  to  32.5*.  The  model 
was  found  to  be  stable.  A  set  of 
responses  with  a  =  JO*.  V  =  20  m/s  and 
the  eg  and  pivot  point  coincident  is 
shown  in  Fig  10a. 

With  the  roll  brake  off  the  response 
was  very  similar  but  more  oscillatory 
for  the  same  flight  conditions  (Fig 
10b,  set(l)).  The  effect  of  the  eg 
position  0.02b  behind  the  pivot  was 
also  checked  but  had  very  lit'.le  effect 
(set(ii)).  The  response  shown  in 
set(iii)  was  for  a  -  32.5*  and  was  core 
oscillatory  but  reached  a  stable 
trimmed  state. 

When  the  pitch  brake  was  released,  the 
longitudinal  control  law  became 
effective  and  the  mean  tailplane 
deflection  defined  a  realistic  trim 
state.  Computations  for  a,  =  27.5*, 

Xj  =  ij  =  0  are  shown  in  Fig  lla.b  Mie 
mean  vane  reading  of  47.6*  from  the 
calibration  used  in  the  mathematical 
model. 

Computations  were  also  made  with  the 
integrators  excluded  from  the  control 
laws  (Fig  11c),  as  the  FCS  could  be 
used  in  this  state.  The  response  was 
sore  damped  than  the  corresponding 
'integrators  in'  response,  with  a  final 
a  -  16.8*  {  vans  reading  32.3*)  '--here 
the  noso  suction  control  is 
ineffective.  The  trim  state  could  not 
be  reached  since  the  error  between  the 
demanded  and  aeasured  angle  of  attack 
cannot  be  minimised  without  an 
integrator  in  the  loop. 

Checks  were  also  made  to  see  if  control 
could  be  maintained  with  the  eg  above 
the  pivot  and  a  few  conditions  were 
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found  where  the  departure  in  roll  could 
theoretically  be  held,  at  higher  wind 
speeds,  for  zf  =  5mm,  but  it  was  felt 
that  control  was  unlikely  to  be 
possible  in  practice. 

The  behaviour  of  the  model  during 
tunnel  run-up  with  the  PCS  active  was 
also  investigated,  finding  that  the 
model  reached  a  near  steady  state  by 
the  time  the  wind  speed  was  constant. 

3.4  Experimental  responses 

As  stated  in  3.1,  the  model  vertical  eg 
location  was  lowered  by  the  addition  of 
a  20  lb  mass  fixed  on  a  bar  0.7  m  below 
the  fuselage.  The  interference  effects 
of  the  bar  and  mass  on  the  aerodynamic 
forces  and  moments  were  judged  to  be 
small. 

With  the  model  at  mean  a  =  25,,(afia,  = 
26.6”),  and  V  =  15  m/s,  control  could 
be  maintained  at  small  constant  yaw 
angles  with  the  roll  brake  on,  and  the 
integrators  switched  in.  This  is 
illustrated  in  the  first  12  seconds  of 
record  in  Fig  12a,  although  roll 
demands  via  the  joy-stick  were  used 
prior  to  this  to  prevent  divergence  of 
the  differential  tailplanes.  t 
corrected  a,,,,,,  about  24*  and  the 
tailplane  deflection  about  -13’, 
indicate  that  the  longitudinal  position 
of  the  eg  is  ahead  of  the  pivot. The 
roll  brake  was  released  at  t  =  12.5 
seconds  and  the  model  moved  to  trim 
angles  of  bank  and  yaw.  The  model  was 
than  centralised  by  small  roll  demands 
and  a  rudder  pulse  was  demanded  (Fig 
12b),  causing  tne  yaw  angle  to  change 
sign  and  the  bank  angle  to  become 
positive.  The  roll  demands  at  33 
seconds  gave  differential  tail 
movements  and  changes  in  yaw  and  bank 
angles  as  expected. 

The  final  configuration  with  the  model 
at  a  =  25.5*  and  eg  slightly  aft  of  the 
pivot,  was  achieved  by  putting  2.1kg  of 
ballast  inside  the  rear  of  the  model. 
The  first  25  seconds  of  responses  in 
Fig  13  (with  the  integrators  switched 
out  and  the  roll  brake  off)  show  a 
lightly  damped  oscillation  in  yaw  witn 
the  two  a  vanes  at  different  levels 
indicating  an  angle  of  sideslip  i.i  the 


control  laws  so  the  rudder  moved  to 
augment  directional  stability.  When  the 
integrators  were  switched  in,  the  model 
slowly  diverged  in  angles  of  bank  and 
yaw  with  constant  differential  tail  and 
slowly  decreasing  rudder  deflection. 
However  control  was  maintained  by  small 
continuous  inputs  to  rudder  and  roll 
demands  via  the  joystick,  as  can  be 
seen  starting  at  t  =  56  seconds. 

The  gains  in  the  control  law  for 
maintaining  roll  about  the  wind  axis 
were  determined  using  a  mean  flow  rate 
of  180  cc/min  and  maximum  flow  rates  of 
1600  cc/min  at  speeds  of  about  40  m/s. 
The  actuators  of  the  needle  valves 
controlling  flow  rate  were  adjusted  to 
give  these  limits  and  a  mean  flow  rate 
at  zero  demand.  It  was  possible  to 
increase  the  gains  by  increasing  the 
level  of  suction,  and  this  gave  much 
tighter  control. 

The  responses  in  Fig  14  were  for 
changes  in  with  oscillations 
similar  to  those  on  the  free-to-yaw 
rig,  the  frequency  was  lower  but  the 
limit  cycle  character  was  the  same.  A 
detailed  description  of  further  tests 
can  be  found  in  Reference  9  and 
although  it  was  not  possible  to 
manoeuvre  the  model  on  the  rig  at  very 
high  rates,  the  response  generated  did 
show  that  the  suction  control  was 
effective,  and  could  be  implemented 
successfully. 

The  two  experiments  described  here  are 
the  culmination  of  a  research  programme 
into  controlling  forebody  flows  at  high 
angies  of  attack  to  generate  yawing 
moment  for  the  enhancement  of 
manoeuvring  capability. 

The  yawing  moment  due  to  differential 
flow  rate  has  been  used  successfully  to 
control  a  free-flight  scale  H1RH1  model 
on  a  free-to-yaw  rig.  An  analogue 
controller  minimised  the  error  between 
demanded  and  measured  yaw  angle, 
maintaining  zero  yaw  when  asymmetric 
forebody  flows  ware  present,  and  moving 
the  model  to  demanded  positions.  The 
directional  stability  was  marginal  at 
these  angles  of  attack,  so  was 
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augmented  by  a  ventral  fin. 

The  nose  suction  control  law  has  been 
added  to  an  existing  Flight  Control 
System  and  the  free-f light  model  of 
HIRM1  was  successfully  controlled  on  a 
free-to-yaw/ roll/pitch  rig.  The  FCS 
requires  further  development,  but  the 
responses  indicate  that  the  principles 
of  using  forebody  vortex  control  via 
nose  suction  have  been  demonstrated. 
Rolling  about  the  wind  axis  can  be 
maintained  by  the  nose  suction  control 
for  the  restricted  manoeuvres  possible 
on  the  free-to  yaw/ roll/pitch  rig.  The 
main  conclusions  of  the  whole  research 
programme  are  listed  in  Reference  9. 
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tITR  H  KmltM 

Fig  10  Computed  responses  for 

free-to-yaw/rol 1/pitch  rig, 
constrained  by  brakes,  V  =  20  s/s 


Fig  11  Computed  responses  for 

free-to-yaw/roll/pitch  rig, 
=  27.5* 
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•)  £S*a  ratting  ty*t  6)  £“*Z*  of  ‘Mini  C^A.'O* 


Fig  12  Responses  with  roll  brake  on  and  off. 
ballast  weight  below  aid  fuselage 
(fr*e-to-yaw/roll/pitch  rig) 
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Fig  13  Effects  of  Integrators  and 

demand  inputs,  a  »  25.5,  V  =  15  «/s 
( f ree-to-yaw/roll/pitch  rig) 
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Fig  14  Responses  to  changes  in  demanded 

angle-of -attack,  higher  flow  rates) 
(free-to-yaw/roll/pitch  rig) 


Outiis  pour  la  caractdrisation  alrodynamique 
et  revaluation  des  performances  it  haute  incidence 
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RESUME 

L'ONERA  IMFL  dupotr.  d'oubL)  coaaribuaat  k  I'tede  dta 

ccwywtKt  das  avioat  d*tnatt  ataaoaatraat  X  graade 
iacitkace.  Des  naosetn^t*  be  smuMm  tlyuMfse  m 


iUHo aaairt  et  iadaiioaa tire  t  hue  <jm«  lot*  de 
aoBirittlioat  ea  rouiis  adrndyaa aaye  at  ea  dyaaaiye  de 
taagtft.  L'aaaiyse  dt  It  doaadt  at  it  aadaimaw 
deodymtifK  ctl  bciitte  par  mImIm  de  kfkidi 
apdeifiytt.  L'etytoi  dee  kchaiytt  d*aaalyse  dee  tyreUaes 
dysaatayea  aoa  liadaitet  reader  X  la  MmwM  dta 
cartes  de  stabdiad  de  I’adroacf  daat  M  te  dnrtaiar  de  vol 
hjm  y'X  I'dvtletlioa  de  pofonutca  de  otaaoeavres. 

La  vitditoa  dee prdvisaoas de  rnaipnnimim  al  rdafctlc par 
drt  easais  ea  vol  de  atyae  ea  aouflkne  vertkak  oa  ea 


Cea  outals  oat  dtd  ttahsr*  poar  I'daede  da  roaadk  ea  facet  i 
pat:  iaridract  par  dea  fmvena  de  potato  treat.  La 
rotaueeaae  da  eoacapc  de  viewer  d'avaal  rnrpi  dt+vie  de 
aotfcciiateoaB  dyaaatiyae  a  did  aieeufde  ea  _iaMnit.  Dea 
eaaait  ea  vol  de  amysat  oat  vaKdd  lae  i  nay  nUium 


ABSTRACT 

ONERA-IMFL  drvefope  ncfcmy*.  for  hi*  AOA 

manoeuvring  aircraft  behaviow  aaediaa.  specific  ariad-taaaaia 


tow  pwd  aerodynamics.  Specific  software  ficdrtaeca  drs 
aaalyaa  tad  aerodyaaaac  aaxMiag.  Application  of 
eoa-taaeer  dynsnne  tyaiai  analysis  tec  hei^peea  attoere 
HaMibta  cafcoXaliont  aad  parfttrataacc  evaXaaaiou.  For  some 
maneuvers,  behaviour  predi.einaa  caa  be  validated  eift 
model  Sight  teats  ia  veracal  wiad  Umacl  or  it  laboratory. 
These  teduuyes  have  beca  aaed  for  forehody  yaw  emend 
Pa  Act.  Sttwavity  of  awakes  efficiency  to  aircraft  dynamic 
ittoootts  war  race  laired  ia  vnad~*uwcl  faetbbea.  Model  {fight 
tears  confirm  espectad  behaviour*. 


NOTATIONS 
a.  t 

to.* 

Co  c..  C. 

C„  Cy.  C, 


anglce  d’  Eater 

coofficrenm  adcodynaadycs  da  aamKai 

dt  roatiia,  a  agape,  lacet 

coofBcieam  adrodynaaaayea  dt  force 

axial*.  leidrale.  an  email 

vacates  de  vaciahoa  d'iactdeacc  da/d  et 

de  ddnpags  dfi/dt 

vacate  <1  accdldnfton  to  pi  lure.  XVdt, 


dJ6/dtJ 

X  angle  enire  lea  vecteurs  rotation  0  et  vileaae 

adtodyatmiye  V 

I.  INTRODUCTION  -  CONTEXT*  GENERAL 

Depths  dr  loadnam  aaadeaaa  itadrft  r mttaaat  cat  pond  X 
la  ataaoeevrabihed  dea  avioat  de  coenbet  X  grande  iacideace. 
Dear  ce  coals  lie  dea  dtpoeWt  adeedyaaaayea  taictpedikt 
de  liaairr  dea  iaohhilMs  laidralea  teacoaato  ear  lea 
n/rnswfi  tone  MUfs.  Lee  irpv— ri  matte  I  cc  jonr  oat 
permit  de  wosctr  <yuc  le  setfe  be  cw  iaoliWbs  tst  « 
psfhcstsf  locakb  ms  mvcms  de  Is  port*  ivmL  [  o 

towWJotl  ptf  COlSOWIKSMflt  dt  |ft  pOMlf  ptf 

rdcoaieataat  prraaear  ea  effrt  dee  poaaoaa  obeysrdthyes 
pear  cemiaaa  vsfews  d*  tacideace.  cngcudcsot  loakawa 
uae  force  latdrair.  doac  a*  manat  da  lacet  global  iapnmar 

(St-  I). 

Dee  ibepnatifi  de  type*  "gybe}*  oat  ltd  I’objst  d'tfudea 
panmdmipnt  aaacr  coayllai  |l|.  Daposaca de  rimye cat/ 
da  aez  de  I’avioa.  ce*  surface*  fua  let  Ugnes  de 
ddcoHaawat  attr  It  pooac  et  ayakpiarat  I'dccelimraf  Msia 
ea  joaaat  ear  lew  poeiaoa  rilaave.  d  eat  poaathbi  diapecr 
le  teat  de  ia  ditty iadirir  (fif .  2).  D'ua  atoyea  d'admuooa 
de  I'aMbbiiad.  laa  virwea  dcvmncnt  pcaeaacfteaaeet  tut 
de  cosbnYif  le  moimsS  be  tacit  l  gmwfe  iacidtect 
(6*.  3). 

Daat  ce  nikaefo,  laa  trsvavx  de  PONERA-IMFL.  oat  portd 
sw  I'appbcatioa  da  ce  coacept  kt  aac  gdrrmdtrii  rd abate 
d’avioaa  d* antes  dt  foeaade  debt  caaardh  i  rjnay  ha 
cipebriMfSH  be  dsMwioMSMflt  ct  be  posboMMcff  bee 
vifwn  *  k  Peflk aded  be  c«  dwyoieif  lor*  be 

ndkiMMi  dyMedfNS  m  sceflksK  oy  m  tsui  tt  vol. 

L«  bteerdw  gdsMEndc  d’tebe  bee  pWeiMlecs  preetbe* 
iecibtacet  I  I’ONERA*JMFL  cel  bo— de  fifere  4.  Htte  Mac 
tm  tchtm*  cU«itp>c  feislyit  bet  pfcfaoiwd—  pkyM^uen: 
cantcednMfikM  expdhioenfile.  mmI/m  et  c»obdHMt»o«  be* 
mjMsrrx,  Mwl—  be*  cneportr— H.  vaMelioe 
eipdhsnesiMle.  Lea  ouhk  aoot  ici  liepedti  aw  bniaue  be  vol 
boaoea  vitssei,  piadss  iacibtaccs,  bynamxpte  dftevbe. 

Cot  dlviTHS  dtapea  aowt  fortes— 1 1  *  "'/active*  et  bet 
refcowcWge*  nocst  alctwtiTU.  Dr  Jtmm bseatmp 

cowfkies  l  ra—lyac  vo*t  ndcre—ef  be*  cowyldmc^a 
<Te— m».  voire  La  erd— ir>*  be  iwoyesM  <f  e—tt  mouvcmix.  Dc 
sibtne.  be*  cpfTdbbojM  mm  sbifaisibri  eeflre  le*  caease  be 
viUmm  et  le*  ai—rlabosse  —a dr>n**«  coadteatb  l 
rcco—ibdrcf  U  rtprd— tabvbd  bu  aobHe  adrodynawiiqfje  ou 
encore  lo  valibbd  be  Cftu'mrt  fcypodstses  expdria— k*. 
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A  cc  tcmimm  I'jjnk  Me  dtp*  ippeWc  falMw  de 
potnueca-  L«  clicel.  1  pecar  <f«  moMt  rtpTlscatwf 
it  1‘irue.  it  twim  congfoefc*  l  del  apagll*  it 
rideetwi  fccemiwiMmwipqiiitU  tofeniine 
net  dee  fceeefee  jjoeAnfes  dfleeertei. 

Dim  cc  doctmcn  aoee  fcfocmom  m  npidr  descriptiea  da 
mtoytm*  d*ana  patn  iacsdgcn  de  I'ONERA-IMFL.  Da 
nfatteit  rtUmh  i  recede  e*  sovAerit  da  mm 
fad  crepe  scrvifoaJ  dc  bae  fdmeewe. 

Li  anse  cm  oeamc  dn  alien  ea  vol  de  nay  rig  cc 
Wbonenre  a  tour  cspkwaooa  grow  prleeialet. 

Emit*  «■•  bmfxn  la  oak  <f  uglyte  poec  I'Me  dn 
Iddlk  I  grade  rcetikare  a  rkilMc  da  pcrfocagaon 


2. 1.£S  OtimS  LXMJUMENTAtlX  KMIR  LA 
CARACTERISATION 

Lc  idle  de  cc*  otelt  et*  de  candlme  fifeodyaemyc 


dem  recite  da  venefcim  a  it*  ceamdii  (2|.  Cea 
ra^kyi  I*  imldm  dy-aseeye  dc  ■wnaeai 
pnnkgge*  U  KMw  de  rime  Mux  de  vcctcar  iMc 
(Tm*)e  care  la  ncun  rtne  a  nam  at  iuKe)  de 
acme  ye  da  eaics  tawed  k  fane  dyaeasyc  d?  leagifc 
(ca  da*  victors  son*  ytwrw  onkoftmnx). 
L'ONEXA-IUFL  dyie  dc  dare  rail  pout  sent tae 
him  vn  art  I  r  primTf  d*carc-m*.  appeil  Mi|e 
< ksmjc  *.  cc  4dcuifK I  lair  dr  le  dynsgyr 

de  (M|l(e.  Le  Mead  etc  urn  belli  re  rotmvr  onjjmlc. 
ud  me  I'dode  dn  rank*  elrodyngwyt  tt  cipcMc  fewea 


2.1  Le  a.  .me  lylieye  -fQ«“ 

Ce  wap  lyy  U  nfln  SH2.4  dc  I'ONERA-IMFL 
dtpwi  1  WO.  Dis  m  am cepaoa.  la  -ndn  de  dulMc  a 
vane  a  me  dyeiim  jar  dnle  «  rsegsge  (ME  Hi  mm/gri*.  B 
tm  rlmkc  I m  dnprwa?  ml-nayr  da*  le  reklim  descry*/ 
ex  dnml  (|  5.  U  rydM  In  trim  dep/s  de  bberee 
rMTtyiakW  cut  Mt *Ja  (T Eller,  wmnhi*  uaksr*  m 
ffkcfcnspic  de  wl.  La  aigla  de  e*p  a  ftMk  Udnk  (t 
a  4)  M  d|Mn  aaa  coacOao  in  coats  daw. 

L'uMiK  )oi|M^NMie  0  cK  Maori  6c  i  mi  »rfcrMMfCW  4* 
piemrc  a  pot  Mw  nydeaea  a  con  train.  Grice 
1  u  tystkm  I'wmimM  idyl,  da  loi*  ylayo 
0(1)  petnreW  tec  lay  III  fnc  I  k  awycMe:  lamfr. 
nope,  wbttmtc  (%.  6).  dim  I*  kaae  de  k  heads  panic 
L'larabli  de  dfoetf  »  W  dmmte  dr  fejoe  I  rldetrr  In 
uenctw  ivec  k  ateyuw  *  prliiea  me  dkcrteoa 
npbattfe  four  la  (read a  wevdaen  (6  j.  7). 

Ce  laoatifc  pcract  done  : 

•  U  carecslmdvoa  da  effete  dymeeya  inurtioameti  loo 
de  vsrvMtoM  d'tectdeece  dc  praade  sespbosefc.  Cdkca 
pavea  tee  obtemci  so*  pa  da  run  de  type  Waaryc 
cm  pa  da  ******  k  verge  de  laegt**  col  met  (Sj.  (); 

-  k  nmilwoe  dc  I'evobeioe  de  I'indac  r  m  conn  d*ene 
mmntmm  it  type  pemtape  «i  law  *  pride  incidence  a 
rear  ui  vd  Monad.  L’etdtdt  d>  a  type  d’eemt  eel  Ivideat, 
pmnyi’il  petal  de  mime  de  bpoc  rtebew 
rWrodyaimpn  imlaio—af*  effccSvcomt  mcoa/e  lea 


d*Me  t—m  ravre  typey e  rfe  tiwdnl  mint**. 

L*  Spar  *  d k«r  m  da  uaMt*  de  a  »«li|t  D  t'ipe  dc 
I'wftaiKrt  de  U  vtnaie  cTwcsdnaee  or  k  tkgyoteye  a 
kcet  I  pill  midrecr.  Ce  type  if eon  wet  tm  fndcace  la 
pktiwwlen  de  retod  I  I'teKitsemeat  dr  k  ikscyntew. 

Dim  le  estbe  de  riOktte.n  de  vvura  de  pem*e  «VH*  l  da 
(an  deco tm&tcm  licet,  m  tel  amportcascMi  dent  tee 
dvadeamnl  pns  tm  ample. 

22.  Li  Wuee  caaivt 

Ca  ml  1  Hi  ckvdcppd  I  EONEJtA-tMFL  a  1976  a 
dswpck  scufBene  mtcdl  SV4.  Si  army  coaptrbe 
ut  deffls  de  Uxtte  (6p.  10)  iseocil*  art  pirsaten  de 
drscnpdoa  btdbtwb  tie  U  vttet.  L'ctpincate  wpw  a 
phn  dc  yuuc  *******  tTexpiMiHa*  amt  ****** ti  f  letdrdt  de 
ce  type  dc  mange  a vj  rater  a  to*  **U*put*um  k  k 
cwKtdntMx)  Weadymmyc,  aUSotwnrv  a  tnutoinei  * 
prde  wesdeacc. 

El  effa  M  late  dntmne  <f wcadtMce -knput  esc  ireewHe 
pew  cmaina  fifadywpc  m  truer*  it  rcM* 
*W» ri.  La  untHei  mdm,  ddapege.  tm*  dc 
rteeCxM  *****  comam.  La  amrei  tSadti  prtneM 
fntel  ecx  knees  S  mnikaegt  a  radii 
dndjimpt  (On  on  Ci^).  La  ******  efftemde  ivec  de 
ddnpepr  *4W*cet  dplexa*  I'edsodyaumye  ea  nm»e  de 
teapifr.  Sen  certtten  h^uditr  dc  ptrmJBtw 
fidnaficmon  de  Wue*  tTirntitisiewcre  er. 

Cuy. 

E«  Mfcna  wt  <fcpd  de  Wberti  tpdcrftye  i  cc  armice  I 
wnr  X.  *mgt*  *****  la  veckttrs  veaer  a  rmw.  ks 
jwb  at  wail  devirema  nmaim  m  era  cd  m 
caws  de  l*ea«  fiacsdeace  a  k  dertpegtr  evuieca 
pdnu  gipmeini  (tf.  K).  De  tek  cstm  tmrmcmt  t*  dndace 
le  ddcrock*(c  dymeonfec  f£f.  |2)  or  la  csrsct/nmya de 
pttnee  a  de  Uegifc  Lb  me  sows  catena  Ijyodbn  la 
eoartmmrmi  igrte  (entires  pre-vest  tec  Adda  a  mtn  a 
carfietai  nrc  cm  vtitibie  dyamyr  cnee  do/d.  La 
elfi.lirsOpin  Wnla  lots  dc  leb  cseeis  son  pkg 
cowpiexa  b  ******** .  a  neat  dt  cmpkge  cteinekipic  da 
da*  vantkke  sctmbtkseims  oil)  a  3m. 

Ca  out*  *  rdeemnet*  Hi  <J*k*t  poee  bvebter  I'mSeotcc  de 
k  nmkrw  ser  fefKcectk  dn  nwa  mr  k  minat  dc  keel. 
L*  Spore  1}  print***  ks  greerts  Cx/H)  port  tents 
codpeiMa  txtrtme*  de  tepn—f  (ea  tree  utrei.  ivec 
am  aide  ware  b  smeke.  b  done).  Ele  tend*  k 
robustnwe  de  ce  coecepl  ptmye  la  rffsacsk*  georiei  cm 
tnrsy  e  damme*.  La  Wm  if  wmuteatl  sow  sci  pee 
iffeetdi. 

2  J.  Cbitik  csn^KaMwei 

Da*  eetret  teebnya  eifd-novestilei  dc  toufOenc  viejnsew 
cempltet-  ca*  ptM*itma*t*l  ittrs*.  La  vtwikaeooaa 
ffcitdiMW  sow  *****  at tWi  pM*  mins  b  k 
cogpcdkeatoe  da  (b/sordsel  sdrodyaeuya.  Ea 
pttk.-Mkef  Its  teckdya  fasdiW  nay  at  penman*  de 
gil/ntkta  la  Jipes  fieri tli grot  pgiketa  new  epic  la 
l no  iMUta.  Dim  I'teide  dc  virare*  d’xviw-curp*.  k 
mile  ea  Induce  dn  bpw*  de  dccoCeuiew  or  U  pveoir 
trsjt,  km  Aifitctmm  ie!t«  dim  peraattret  (prime*  dt 
k  vtruee.  pometoa.  lecsdeac*  pic  bate)  crvetnbw  i  t'lnclyM 


•  • 


•  • 


St  7%t£umcr.  S a  <■  pa nctoai  ■>  lx  mtmrm  frfbik 
aArodyacaayta  tWi'n  (fie-  M). 


Le.  tciduRa^ac*  At  nucrc  de  preaaeoa  penAlaAe*  oM 
<plw«M«  Aliiliiff  lii  ft  <■  —  x  li  b  lima 
rouert.  Vat  appfcaboa  ta  i  tat  latte  par  totn  (e  cbaaep 
de  pcMM  aa r  aa  cte  ra  ajAtact  m  osn  At 
ovtnrtattt  ra  n*a«oa  iMoaairc  ca  aMArtaotMaarc  (if. 


15)  |5|.  Efttciatea  aim  daaa  mac  coafiparaaoa  baa*  (war 
mrerca)  it  %lfraia  Ao>  bgaaa  f  atyH  cl  At  dtendcrpcat 
aka  1c  «o  St  naooa  at  lotaata  ctxrtif  avrc 
raaAtco  ct  Sr  dArainap*  local  aa  anraaa  At  la  paa.  Le 


iwAM  Aaa  cc  caa 


C*  lyya  4*  fauaabsna  tAMifat  adapt tie  i  !t 


l.'nima?e  de  faraotf  rtaHn  prnact  ca  outre  4c 
aodfet  aiatmcac  k  ten  Skit,  oa  cacorc  de  t'andtir  a  dec 
taforaMhcaa  canplAamaiaru  -km  bapooddca.  Da 
cocffioed  4c  aoam  Ac  taaeafc  port  atari  tee  dAtaa 


CrAa.  B,  JaMj) 

CaL?(ta)^l/V 


CatfaJ)  *  Cm2(a.  Ac)  ♦ 


La  nprfit  alia  Set  pfceaaxdaca  iaaaateaaaare*  cm  piua 
coapku.  A  I'Atapc  4c  1'aaljra  4c  la  St  amt  r,  certain 
nprr*a  aapwfc  (dApbaaapcf .  rarer  4i)  pew  cat  tire  aaa  ca 


3.  L5S  OVTJLS  D'ANALYSt 
3.1.  U  ■a.'rfc.li.a 

L'cattaMt  4ta  mam  ircaac  4c  Ea  pkac  4c  caracaArtararoa 
rtoApaape  cc  wefflene  coacacac  ear  ante 
A'ctcaaoM  wl— i  rare.  Le  ajaAac  4c  panaaterea 
J' entree  ca  Be vA  paay'A  Can  goayar  prat  tax  cevx  pa 
caracaAnacat  to  eaaaaa  Syaatamtaaet. 

La  |Aat  d' tacky  ae  cuaaictc  4cac  aa  paitr  Mpr  i  xaCre 
ca  itidtax  In  nArCtoaa  caerr  tea  paraaUAm  A'eaaAc  el  tea 
ranaMca  4r  «voe.  xi  ha  cotlfccieab  aStoSyytmapaea 
tkkmmx.  A  ptak  raodec.e,  cear  <up  cat  naSe  pica 
utecatr  da  (W  de  IVjuaCmcr  4c  aa  butemfa.  Shy.titkjn. 
depbAaotutecadyaaaapira  fottrabaa  Mptabaa  4a  bay*. 
Ctae  -fAuac  t'lffw  tiitjdtflt—al  aar  la  vraWaaina  4c  c 


rarirMc  ifiaaAt  cara -afraid  U  dyaaaaqar.  (la  vanaaoa 
tTiariAiact  par  czeaptc),  aoaa  ftffotlae  d'addahmA  dec 
dilKnaaa  tftu  adodpaaayaaca  a'ixArcaae  3  b 
ecartboa  pafcaaeat  inCaaoaaairc  AAfian  cooaae: 

ACt .  h  Ci^  -  Cl__ 

La  tfaaaaaA  ateboaaaarc  poavaot  tec  obkcaac  deyatia  ua 
moSkH  auaowaairc  ideafeSA  aa  priabfcfe.  L'aadyac  par 
viaaiiMioa  de  cade  quaaMA  ACi^  ca  foactioa  dec  variafciea 
tftaarte  pcraael  de  ccatnair  oa  iafiraer  lT.ypod.lae 

M.  a  a. - > 

H  •••Q’HC 

La  Spare  16  Obaare  la  vabdcl  de  ceaic  Vypotfclae  pour  U 
tcrtdAliealioa  dee  caracafrl  .ague*  Irepatifcaalra  tceamtea  ca 
rotaac-a  tadaacanairr.  La  Brv.1t  <  cal  h  auvaxe: 


dnaaAc.  La  aapcipoaaaioa  de  dfaaca  d' eat  aaa  cormcaraacaa 
cbcaata  peal  a  Hart  aa  Andaace  4rs  tfka  tiiapln  de 
onApnanai  (parma,  dArapagc....)  aaa  aaan  dra  eWab 
aapatli  cnaaaac  Ic  dtenxbafc  Aywaaft  de  vodarc.  Dane 
te  caa  oft  crate  appro  efra  a'aboaat  paa.  b  projected  4c  b 
doaek  aetoa  tea  cnapaa  daaa  I'capace  4c  b  bare  dc  dotaafea 
pcraael  b  ndarda  de  vanaMaa  fauhdiiiaare. 

Cc  gravad  pcraael  dan  aa  aacaad  leape  4c  dAfiair  aae 
rarafrpe  4c  aanAAbaadna.  Foar  chaqac cooltiriaar,  oa 
dbaaaac  tea  variaMee  aaaaAbaaaalaa,  oa  AvaAac  Cadiand 
4u  effect,  ob  bmC  m  ^vi^NKt  k  yckii  4n  ^MeoBbiM 
laiiaanaaairta.  Uac  aaactere  4c  aaodUc,  idipair  3  b  aaaoa 
dee  pMaoabaaa  obaarvA*  pa  atoca  lire  cboaac. 


Cl  etc  -  Ci (t«./U  +  CKa.  <tf  +  4Ci„ 

tSCi^.  -  K(a.  apa(a)....i  da/di 

H  foacooa  dc  tnaafce: 

Deao  d'acaaa  cat.  raaatyae  ck.  b  donate  augftee 
dirariaaiax  aa*  aav>Aure  dc  trodMe.  Uac  iDuatraboa  co  cat 
doante  avac  la*  eecab  rarliate  car  b  aanxapc  dyaaaaqt ta 
-PQ**  (S*.  »)  X  dAjr  dron'd  ptea  baal.  La  caracaAriatepw 
aaitpe  da  laoaiaar  de  bed,  am.-  H  diaiyoteie  provoqute 
par  b  prAnari  A' aaa  mere  aar  b  pobaa  tvaat  a*  trotivc 
AAcatte  Inrafaa  1‘aacidance  van*  npiAeoeaL  L’aaaiaabboe 
dc  cc  rmapnrtnaral  3  aa  pAiteoaXae  de  iccrd  coadaie  I 
propoeer  aae  aaacati  de  aiodMe  da  type; 


A  caaa  Aaape  dm  lopcaab  de  aar  **!■*>  na  ap<ct<tja«a 
penaeaarat  fideadAce  da  hjoa  aaate  .rcrlaiaa  tana**  oa 
atftckaa  da  aaodHc.  Coal  aiaaa  pat  poar  reprteaaer  la 
pMaoadaaa  abaoaaaim.  I'ONERA-IMFL  dapoae  d'aa 
lopcart  d*idateKra*ta  oa  I'cxpeaeoao,  (falnla  d'aa* 
(oacaoa  I  dAbnaiaar  am  b  aanamta  : 

F(X)  •  Ill  F.  (XL 

x  e  •• 

F,  :  r  ->  I 

Cede  dAfuaaoa  **C  rAcuranc,  t'at  3  daa  <pn  daaye 
fooctwc  Fi  peal  tee  etcadac  dAAaae  cooaae  aoaaae  de 
prodarb  de  fcaacaoaa.  Lea  fcacaotn  bnaiaaba  coat  dAfaica 
comaae  dca  polyadiaaa  aadtevaruUt*  oa  da*  foaclxaa 
labdAca  aadp  cMtdac.  Oiptc  foacdoa  Ft  p«M  Am  idaaafite 
aAparteacal  aar  ca  aoaa  eaacadte  do  b  bare  da  doraaAa*. 


Ca^,,,  «•  H(o.  dtx/dc...)  Ca. . 

Uac  foacaoa  de  type  fibre  ov  rdard  pw  peal  tee  efiouie 
poar  H. 

3X  Cabal  dca  rta bibb 

La  prAviaioa  du  coxpoocaaaac  da  1'aAroacf  3  traadc 
iacldcace  cat  ua  profcttme  Attcrt.  Er  effia,  Ira  AiputioiM  dc 
b  aadcaaaque  da  vot  coaatitectl  ua  lybirae  conpicxc  oo 
appatebatal  loam  lea  aoa  liaAaorb  adrodyaaoaquca,  tea 
hybArAaia,  tea  ecapbya*  loopaabaal-  baAral,  itte remet  au 
vol  pod*  AAcrochapc.  L’(,  proebe  cbwique  cocsuiu*  3 
Acabcr  le  ayabma  ImAariad  aatew  d'ua  poial  dc  vol  iTeac 
phu  applkabic. 

La  Mock  de*  bifitreadoaa  da*  ey**3a*ea  dynaaiiyea  noa 
lioAairaa  tpporb  3  cc  probbaac  da*  teeacab  da  rApooae.  Elb 
a*  peat  prUte  b  cootportoea*  exact  de  i'avloa  mail 


•4) 


•  • 


•  • 


I® 


9-1 

pcrmst  k  cakul  dea  trehjitds  4*  synime  Mr  I'cnaresble  du 
AiiMdtwI. 

Si  U  formulation  ydndnk  4a  dquaauna  at 

x*  -  f(x,  u), 

x  vecteur  d "dtzL 

u  vecteur  dee  commander. 

La  rdsolction  aumdriquc  x'-0  fournit  tea  surfaces  d'dquilibre 
du  syrfimu.  La  atsbilisd  ca  chacua  4c  eta  pouts  eat  doendc 
par  Is  vakura  proper*  del#  mafricc  11  metrics  jecobieane  dc 
f.  L'cattmbk  del  peseta  pour  kaqucls  au  noiss  une  valour 
propre  a  une  panic  rdefle  aulle  eat  sppeld  caatmbie  dcs 
points  dr.  bifurcation#.  Ea  projetsat  cet  ensemble  sur  1‘eapace 
dcs  commands  on  obtkat  la  surface  4c  bifurcations.  Ccia 
signifie  qae  si  ic  systime  traverse  ccMe  surface,  te  oombre 
tT  <taa  d'dquilibre  possibles  ct  lean  subibtde  chsejenL 

Cette  technique,  appijqde  1  l'ftude  du  vol  1  grande 
incidence  permet  de  dee.  aiacr  ka  zones  critiques  du 
domssae  de  vol  comme  par  exrmpk  des  dquiiibrcs  Iris 
stables  i  grande  incidence  oO  lea  commands  son!  peu 
influenua. 

La  fifjurc  17  idustre  one  tppLcadoa  rbalifbe  k 
I'ONERA'IMFL  sur  un  modde  d'svion  d'annea  (4|.  Sur  la 
surface  d'dquilibre  projetde  dans  k  plan  (o.  til,  dm) 
apparansenc  ks  zones  de  vrilles  et  dr  leuneaux.  La  errface 
prfsente  fpltaxtS  un  repbemeat  done  ka  botda 
correspondent  1  dcs  points  de  bifurcauons.  Le  emplacement 
de  la  commsnde  dl  pent  provoqt-er  !e  passage  brutal  d'un 
mouvement  de  tonoea's  i  un  mcuventeat  de  vnJk. 

La  thdorie  des  bifurcations  fournit  done  une  photographic  des 
stabilitds  de  I'avion  k  grande  incidence.  Elle  combine  i  cc 
litre  un  outil  tilde  pour  I’dvaluatioa  de  lots  de  commandos. 
Lea  performance#  de  c ea  lots  se  tradriscat  co  particulicr  par 
la  digwritioe  des  zones  instabka  calculdes  dans  k  cat  de 
I'avion  muni  de  cea  cotasnandea  *nan  reUee". 

La  technique  de*  bifurcations  ne  fournit  que  ties  beats 
d’dquhbren  asymptotiqus  qui  sont  tbbutiqucmeaC  anoints  au 
bout  d’un  temps  infuu.  Daas  Is  pratique  ka  rdsultata  des 
cakuls  de  stabilitds  sont  compklbs  par  des  simulation# 
numdriqus  du  mouvement  afin  de  fourmr  des  indkabons  rvr 
ka  mouvements  trarukoires  et  sur  Cordra  de  grandeur  du 
temps  nfeessaize  pour  passer  d’un  dtst  d'dquilrbre  i  un  autre. 

3  J.  Evaluation  ties  performances 
La  companison  entre  deux  aviors  d’armea  ou  entre  phmeurs 
formuka  gbomdtriquea  a'efftetue  au  travera  de  quantitda 
sjpdfes  crcbrcs.  reprdaentattves  de  la  capecit t  d'un  adronef 
i  rfaluer  une  uanoesrvre  donate. 

Aux  grandee  incidence#  lea  entire*  statiquea  habitueUement 
utilises  sont  gdndrakmentpeu  adsptds  1  qualifier  mute#  ks 
manoeuvres  rnvisageahka  cotammcnt  lots  de  phase# 
transitoires.  de  efiangement  d'aa itude  pour  lea  manoeuvres  de 
points gc,  d'accdldrsdon  ou  de  dbcdldradon. 

Des  notions  nouvelks  soot  eujcurd'hui  introduits  pour 
qualifier  cm  manoeuvres,  Idles  la  manoeuvrabilild,  I'aplitd, 
la  maniahilnd,  la  contrtlahilild....  Cea  concept#  viaent  1 


qctntififT  ka  capacitda  do  modification  de  trajectcire 
(rmtocwrabilAd).  ou  d"  attitude  (sgbld).  La  maiabtlild 
carectfiriae  te  fa-ole  temps  de  rdpocac  a  *  u.llicv'  ions  en 
roulis  ou  ea  tangage.  D'autres  a  —  —j  4a. 
rimuluiona  de  combats  efritaz  p  m  noetfxc 

d'oppostunitds  de  tirs,  k  rauLbvc  •  a  |3|... 

Ces  criirea  s'apptiquenc  stinn1  dtk  ct  agile.'  et 
rcprdeentacif  de  I'avion  usVcr  .  pszticuhez  La 
caractdriafiques  des  conutcids  de  vol  •*— *  ■‘valuet,  j 
prflhninaire  des  perfornasarea  pit » lute;  «.  '  rsde 

event  1'dtspe  de  conception  des  co»»._'nr_  v.  Elk 
constate  i  conrddfrcr  I’avion  ea  boa dc  cuvette  et  1  dvaluer  la 
capecili  adrodjmamicpe  1  rbaheer  de*  manoeuvre*  type*  en 
suppose.-*  poesibk  k  ealcul  msOntand  de  la  comreande 
iddak.  Elk  s'appuie  sur  dcs  techique  de  simulations 
numdriques  du  mouvement  en  baock  fermde. 

3.3.1.  Tnchmiqnzs  de  ddcoaplnge  des  systimes  nca 
Bndsircr 

Cea c  approche  de  1'dtude  des  syatireci  non  liadsirea  constate 
k  transformer  un  rysabme  cctopozun:  des  couplagcs  en  un 
lyyime  psrtrcUcment  ddcoupid  et  sc  pritant  ainai  k  la 
commande.  Elk  s’tpptiie  sur  des  bypethises  quant  1  .’a 
formulation  dea  dquationa  du  sysaime: 

x'  -  afx)  +  b(z)  u, 

y  -  e(x) 

x  vecteur  d’dtst, 

u  vecteur  dea  commsndrs 

y  vecteur  d'observation 

Ce  syst kne  suppose  I'dcat  Lndaire  Virl-vti  de  la  commande. 
Cette  technique  confute  i  ddlermtner  f(x)  et  gfz)  idles  que  : 
u  —  f  +  gw 

de  (agon  It  ee  que  k  systime  puisse  s’dcrire  : 

tf-  y,/df-  -  w„ 
w  nouveau  vecteur  de  commande. 

Si  cede  ddsermiaaiioo  cut  possible,  on  obtient  un  systime 
dont  une  pattie  observabk  est  toCalement  ddcocplde  ct  de 
dimension  dgak  k  la  dimension  du  vecteur  dc  commsnde. 

Case  technique  peut  tec  appliqude  aux  fquatioss  de  la 
mdesnitfie  du  vol.  On  caractetise  une.  manoeuvre  type  par  la 
poursuite  d'objectifs  donnis  et  ddfinu  en  foncion  du  temps. 
La  ddrivatioa  de  cea  objectifa  fournit  k  nouveau  vecteur  de 
commande  w  ct  k  ryatime  compkt  peut  tec  inldgrd. 

Ainai  tine  manoeuvre  de  points  gc  longituduial  pourra  tec 
caractdrisdn  par  1'dvolution  0(1)  ddairde  ct  k  maintkn  Ju  vol 
symteique  (aasiettc  latdrak  nolle,  cap  coeatanc)  ct  tee 
obtenue  a  priori  1  t'aide  dea  trois  commande# 
conventtonnelks  de  I'avioa. 

La  capachd  de  I'avion  k  rdaliser  une  telk  manoeuvre  eat 
dtablie  si  1’on  peut  Irotrver  les  d/olutkos  tcttmoreiles  dc  L 
commande  en  respectant  ks  limitations  en  dtesBenent  [u_, 
U...1  et  en  vitrsse  (du/di)^. 

Cette  technique  peut  tec  uhlisde  pour  dvaluer  1'impact  de 
paramitrea  scnaibiluanta  (adrodynamiques,  tnertieU,...)  sur 
la  faiaabilitd  de  la  manoeuvre,  in  aennbilrtd  au  paramtec 
modifid  est  direetement  lide  k  la  raothfkabon  des  historiquea 
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u(s)  a (ccmira  pour  poumnvre  lea  objectify  fi lit  (fig.  IS). 
Cede  technique  eat  rapid*  k  metre  en  centre  ft  dome  de* 
nfauttat*  imfrrasanu  dun  U  meaure  oh  i’oa  compare  dea 
configurations  gtemteiqucs  relab  vement  protect  >t  que  iea 
tnjectoirea  x(t)  pair  chacune  d'dlc*  aont  pal  diffifreeaet  (!) 

(91. 

3-3.2.  Teckaiqaci  d’optamtMtiiii  de  tntjtdoira 
Dans  le  CIS  de  la  comcaraiaoa  de  formulea  {fcnv-tnqties  plus 
differeocides,  I'approtee  pric&kme  ne  pent  s’apptiquer.  La 
technique  d'eiptuniaabon  de  tnyecloires  confute  k  dkfimr  une 
manoeuvre  h  parsr  de  set  (tta  initial  ec  final,  un  ensemble 
de  contraintcs  courantea  on  finales  k  respecter  et  k 
d&ertmoer  par  lea  algoridune*  approprif*  la  tnjectoirc 
rfpondaa 1 1  cea  coodidona.  Le  entire  petit  itre  cVffiot  comae 
le  temp*  minimum  pour  rfaliter  U  manoeuvre.  Cette 
rotetod;  s'adapte  k  tout  type*  d'txsgu*.  psbaque  la  meilleure 
trajectoire  eat  calculte  pour  chacua  d'aix. 

La  figure  19  ilhutre  une  application  iteliste  1 I'ONERA 
(11).  La  manoeuvre  cooaidtefc  eat  une  manoeuvre  de 
poinesje  longitudinal  k  60'.  Dana  le  premier  cat,  ('incidence 
de  1'avkm  ert  limitte  k  45',  dan*  le  second  i  50'.  Un  gain 
de  temp*  de  30  *  eta  ainsi  obtenu  en  rdateant  la  cootraiete 
sur  l‘incidence. 

Cette  technique  eat  optimale  *u  sens  oil  die  explore 
pleuetnent  le  potenbd  de  i’aviou  pour  rtebacr  un  objccof 
doani  dans  un  temps  miarwn.  EUe  eat  en  revanche  plus 
lourde  h  mettre  en  oeuvre  et  d’autaat  phit  coOteuse  en  temp* 
machine  qwe  le  systbmc  cet  in  dunenaioa  iicponante.  EUe  se 
combine  aussi  aver  la  mtetode  proebdeote  puiaqu'elle  fourmt 
une  trajectoire  optimale  de  rfffraice  amour  de  laqueOe  une 
dude  de  Ktutbilm  petit  ter  mente. 

4.  LES  O UTILS  DE  VALIDATION 

L'teide  du  cotaportement  d'un  a/ronef  k  grande  incidence 
conduit  au  Havers  dea  difffrente*  tepee  prickles 
(caractdiuboa  en  toufOerie,  modditatkm  adodynamaque, 
dude  dea  aubilitd,  simubbens  numdiques)  k  dablir  de* 
previaton*  de  compocteanenL 

En  raison  de  la  dynunique  caractdiaant  lea  dvohiboiM  k 
grande  incidence,  'el  aspects  tracastoireu  prmneat  une  place 
prdponddanlc  dan*  lea  provisions.  Cet  tranaitoirra  ne 
peuvent  ter  reproduita  et  caractdiad  en  atnotH  per  del 
cssais  en  aoufuccie  cn  raiaon  <5e*  limksbon*  ciodrabquer,  de 
ceux-ei.  La  pel  vision  eat  done  au  travers  une  simulation 
numdique  le  rdukai  lid  k  une  ndodycamique  exirapdte 
depuia  dea  cassia  stabquc*  et  dynamique*  dfeneeinrta.  bails 
lea  esaais  en  vot  aoat  en  nteaurc  de  vabdrr  cea  phaaea 
tranaitoirra. 

l.'ONERA-IMFL  di-poae  de  moyen*  d'essai*  cn  vd  de 
maquettes  d'avion  adaptd*  pour  I'dode  de  certain* 
Rcuvmaent*  trsnartoirea.  Ce  aont  la  aoufflrrie  verbeele  et  un 
labontoire  de  vol  libre. 

4.1.  U»  soexffterie  vertkcle 

La  toufficrie  verbcale  eat  tradioonneUeinr.4  le  moyen  d’eaati 
spfeifitfM  k  t'&ub  de  la  vrilie  aur  taequcBc.  L'dquihbrc 
entre  lea  forces  it  gravid  et  lea  forces  adodynasniquca  duet 
au  vent  ascendent  permettent  en  effet  une  observation  state 


dea  comporttiuean*  d'un;  maquette  en  mouvetnent  bdicotdal. 
Le  respect  de*  condiboeis  de  tumiiQide  tie  Froude  (masse  et 
inerbes  maquette)  per  met  dans  la  phapart  dea  cat  une 
extrapolation  dea  rfeuluta  k  i'avson  febrile  I . 

L'ONERA-IMFL  s'est  ckei  de  moyen*  ruppltexatsircs  pour 
l'explctiabon  quanbtabve  dea  alia  en  vot  en  souffleric.  Un 
disposttif  mfcasique  appclf  tanceur  permet  de  donoer  k  la 
maquegc  dea  conditions  imbales  de  vol  en  attitude  et  en 
rotation  rfjiiMei  et  parfajtcmeet  rfpteble*.  La  maquette  est 
fquipte  de  capteurs  aceddromtexques  done  le*  mesures  son! 
requires  a  sloe  kies  sur  des  me  moire*  embarqufer  puts 
reluct  en  fin  d'eatii. 

Deux  syatbmes  trsjectognphiqvt*  fixes  aont  ioacallte  dam  la 
souffleric.  L'un  d'eux  ert  contend  tie  deux  base* 
phouxgraphiquc*  synchronistees,  foumsssant  par  traimnent 
lea  attitude*  de  la  anqueor.  Le  second  eat  contend  de  quaere 
camera*  plectes  dans  le  eolketeur  de  la  souffleric.  L 'analyse 
de*  image*  vidfo  permet  de  repdrer  et  d'ideaefier  des 
mtrqueurs  setups  sur  I*  maqoeele.  Un  ersiteaent  apteteque 
founut  les  attitude*  et  la  position  da  C.G.  de  la  maquette  1 
tout  instant. 

L'exploitabon  de  r ensemble  des  mesures  disposable*  conduit 
k  la  resbrubon  du  vioeaur  d'tet  et  dea  coefficients 
afrodynairsques  globuux  au  court  du  temp*.  Lai  figure  20 
iOuatrc  use  application  de  l'exploitabon  d'essai*  en  vol  de 
vriUe  sur  un  avion  d'armet.  Lea  coefficients  global! x  resucste 
son!  compares  k  coax  calculte  k  parfir  d'un  raodik 
atendynamsque  idenbfif  dan a  ceskc  mtete  souffleric  depuxs 
de*  cassia  aur  balance  rotative.  Ccsse  conpanuson  montse  le 
boo  recoupement  dsn*  L  zone  correspondent  h  la  vriBe 
stabilxade  et  peu  perturWe.  EUe  montre  auasi  lea  limi items 
du  roodele  pour  repedseeser  le  mouvetnent  trantitoire  entre 
les  conditions  intbaks  (incidence  90‘)  et  la  vrxlle  dtafcbe 
(incidence  40'). 

La  souffleric  verbcale  ae  prite  egalcmcnt  k  la  reprdaentabon 
tie  monveraenU  phis  uarginaux  cotmne  la  manoeuvre 
d'abatade  ou  tumbling.  L'teide  consute  k  analyser  la 
dynamique  de  tangage  k  laqucile  ear  souraiae  l'avion  suite  k 
UK  motnte  en  acjtude  verbcale  et  k  I'aimulation  de  la  vrtesse 
adrodrnnmtquc.  En  sou  diene  la  maquette  eat  inibalemmt 
placdc  en  incidence  ndgabve  puis  cat  lachbe  dans  le  vent. 
L'anaiyae  des  aignaux  embarqufs  permet  d'dvahxt  le  faeteur 
de  charge  affects nt  la  structure  de  l'avion  |I0J. 

4J.  Le  UbornCcire  de  vol  libre 
La  ndceaail t  d'approcher  par  de*  cssais  ec  vol  des 
manoeuvre*  dyauniquca  aur  dea  Oriyjctotrea  plus  tenduc*  que 
cell;  rfahaabtes  cn  souffleric  verbcale  ont  cooduit 
1'ONERA-IMFL  k  moderniser  uk  station  d'esaaia  cn  vol  en 
LaboraUnre. 

Cette  install tlion  a  pour  vocation  k  l’originc  l'teide  de  la 
perte  de  contrite  et  I'etxrfe  en  vriBe  d'une  maqueoe  k  psrtr 
du  vol  normal  k  Cable  inadeece.  A  cede  fin  use  maquette 
d'avion  cat  miae  en  viteaee,  portte  par  un  chariot  mobile 
moette  sur  toe  ceiapuke.  Fuii  eCe  ess  laias be  libre  de  voler 
dans  un  volume  sutoriaant  uk  fvpiubott  de  type  btecoidal  le 
long  d'une  trajectoire  psrsbolique  (fig  21). 

Dea  smf lie, -strom  ont  port4  sur  le  dupobtxf  de  mite  en 
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viteaae  de  U  roaqufeie  ct  ks  oudb  tnjectognphique*.  Elks 
penmbcat  U  rtsbcubca  cocyktc  dr  l*6tat  adrodysaaaguc 
pendant  k  voi. 

Cc  moyea  peuC  repnxJuirr  cextaaaes  manoeuvres  dyaaiciqoes 
cocnoe  k  potncage  ioaptmfatl  i  grande  incvJeaoe,  ou 
vabder  1'acboa  de  gouwraes  aouvdkj  cooune  ks  virures 
(TtvtM-cofpi. 

Manoeuvre  de  primage  kmgiautnaJ.  Cc  taoyen  a  fe6  ualb6 
pour  feixber  la  dynamigue  dc  uagage  )  {rude  incidence  sur 
uae  g6o mfene  ddta  card  (6].  Use  magnetic,  tartremealfc 
c4  6guip6c  dc  cocacaandes  sur  ks  gouveroe*  dc  profoodeur 
(6kvoo*  ct  cwrdt)  cat  dr6e  avee  den  coodtioos  ioitiaks  dc 
voi  6guilibf6  ea  poctance,  mats  d6*6guiUbcfie  tn  taagsg  e  de 
fajon  &  mooter  rapideoeot  eat  incidence.  A»  bout  d’uo  temps 
de  rot  d' state  rW— ~  rrrnarW  ks  fouveraes  soot  bnqoks  & 
ptquer  pour  penmare  U  r6ccp6rat»o*  du  voi  normal. 

La  resoaiboo  des  easaes  conduce  k  carackmer  ks  dvotaions 
de  1’ Uc kktxe  ct  dc  U  vjlcssc  de  taogsgc  lots  de  Idks 
mcnoeuvres,  pour  difTfetoSes  lots  de  bragusges  de  gouvcrncs 
(fig  -  22).  Elk  a  permit  de  mettre  ca  6vkkece  U  poctance 
tAsuctocuvure.  Bn  revanche  des  crcnpuraisoas  des  coef&cieau 
afeodynamsgues  rt*6tu6s  avee  ecus  cakuks  depub  ua 
nvxftk  ideaftfii  s^r  balance  rotative  uoC  mcmsrf  des  hearts 
Iks  k  uae  repcfecoUCoa  maddquatw  des  pfc£aomfese* 
iftstabooostrts  dfvek ypU  ea  njcuvement  de  dynamigue  de 
trsfsje. 

Manoeuvre  en  toed  &  pond*  incidence.  Daao  k  cadre  dc 
l'6t»dc  des  vimres  d'avaat-eexp*  cm  a  aboucx  k  U  riaHsattoa 
d'essais  ca  voi  de  ciagutmr  pour  valkkr  ce  concept.  Dans  ce 
but,  uae  maqueae  representative  d*ua  avion  d'anaes  de 
fonauk  deJu  caaards  a  6k  6quip6e  d*uae  ceatrak 
gyTomferigue  ct  d‘»ne  commode  de  rtafrk  des  vimres 
d’avant-cotps. 

La  aw^eSc  est  txr6e  dans  des  conditions  untiakt  d'lgu&bre 
longjcuifiaal  k  iacidcaee  flev^t  correspondent  k  U  zone 
d’efScacik  des  vimres.  Des  emit  on!  6(6  effoctu6s  pour 
dixfitettM  hiKorigues  des  position*  des  vimres.  La  figure  23 
iDujtrc  r^vot'jtjoo  du  mo  meat  de  lecet  sc  cours  du  voi  dans 
ks  deux  cms  suhraats:  vimres  rrafirfr*,  vimres  sorties.  La 
dusymetrie  nnoufelk  du  moment  de  (sect  (vimres  reatrfics) 
conduit  la  magueSe  k  d6po«Ser  k  gauche  (r<0).  La  pe6scace 
des  deux  vimres  sorbet  en  permanence  peroset  dr.  symferoer 
ks  6cou!etneaU  toctb&ooaaires  g6a6r6s  k  la  potate  tv  tec,  k 
voi  decKure  sen*ibkmer4  symferiqve. 

Sur  ccae  mime  figure  deux  auQres  ecs  soot  pr£seac6s.  La 
magucSe  est  br6e  vimres  sorbet,  puis  au  bout  d*u&  corps 
JUKI  court  Pune  ou  I'autre  virurc  cat  reotrdn.  L'cffet  cur  Ic 
mouvemeat  ea  Ucet  est  imro&J&ac.  La  rcotr6e  de  la  virnre 
gauche  (reap  droitc)  uviuit  ua  virsge  1  gauche  (reap  d raise). 
La  viteavc  de  lace*  6  /dee  de  £*£oc  Lrrfxhc  dam  k  aeuj 
aCenk  cosform6mcat  eux  caaab  ea  acuflkrie. 

5.  CONCLUSION 

L'ONERA-IMFL  dispose  d’outrls  cootribuixX  k  i*6sude  des 
comportcmeats  des  avion*  cT times  manoeuvnus  k  gnode 
incidence. 


Des  montages  de  sunulstksi  dyrtanague  ea  roufSene 
pensetteat  de  caract6nscr  ra6rodyaaaigue  stsaosnaire  a 
ir^x^v'uire  k  baste  vitesse  lors  de  scfficjtaboos  esi  ruufit 
aM>dy.^.T»gu<  ct  ea  dynamique  dc  taagage. 

L'soai  «  de  la  dotuvk  cC  la  mod^batioa  aerodynamguc  est 
facilrtee  par  utilbaboo  de  kpckb  sp6c3figues. 

L'eraplot  des  techosgucs  d’aaalyse  des  ayse6oes  dyoenagues 
ooa  lii/airt*  conduit  k  la  detenrnnmoa  des  cartes  de  stabtlit6 
de  l*a6roaef  dacs  tout  k  domsiae  de  voi  aion  gu*b 
r6vaJuatioo  de  perfomaacestk  oaanccuvres. 

La  vahdaboo  des  pr6v*jjom  de  ccmpcnemeat  cal  riabafe  par 
dc*  cs sab  en  v.*‘  de  magueae  cn  soufflerie  verbeak  ou  ea 
taboracoire. 

Ce*  oobla  one  ct6  ucdb6s  pour  l*6sude  du  ccntrdk  cs  Jacrt  k 
graode  incidence  par  des  gouveracs  de  poiale  avast.  La 
robuslesse  du  concept  de  vimres  d*avaat<orps  vi*-i-vu  de 
soQidtaboos  dy&anbquet  a  6(6  mesurfie  cs  souflkrie.  Des 
esaatt  ea  voi  de  aocguece  one  vabd6  ks  cotnporletncnu 
pr 6vus. 

Dans  k  cak  des  6fudes  relatives  1  (a  priyvnon  des 
coraportemcate  des  arsons  hautea>enc  manoeuvraaU  d 
coovkat  de  coaaid6rer: 

•  k  beactia  d’6voi«xxj  des  ounlt  exp6naneaaux.  Let 
looecages  de  siculsbos  dysimiqpie  dciwsX  fere  capsbks  de 
mouvetseaCa  spprochsn:  dsvarsage  ks  fr»jcrU.tres  rfeiks  du 
voi  pour  fere  rtpfhcoueb  de  r*6rodyaa«nigue 
iadUbcanaire.  Ce s  outib  dob  est  fere  6gakmcaC  bka 
kkxifife  as  plan  dc*  uSeracbon*  raaguese*  montage, 
probkme  tcssible  sur  ks  raoacsgc*  de  suasisbos 
lophsbqufe  Le  groupe  de  tsvad  ACARD  WGI6  sur  ks 
balances  rvMves  coothbce  k  cent  feahstoa  ; 

•  U  co*op46mecram6  de  Tapproche  afrodynaasque 
(rcconoamancc  de*  6coukments,  vbuaHaattoaa  <ks 
tourbiBots.  cane*  de  preamos.,.)  pour  sac  raesBcurc 
comprchcasos  des  ph6somfeitf  d6croch6»  ct  (ad bur  la 
tnodfibabos  ; 

•  U  difficult  de  modfliscr  certaine*  caract6nsbgucs 
inaUboonaires  (ks  coefficients  Ut6nux  ea  pamculicr)  ; 

•  i’uiifeb  des  gouvemes  skouvdZea  b*»6cs  sur  k  ccutrilc  de 
tourbiSoas  ; 

•  k  nfeasiw  rebcodsge  ratrt  ks  t£fT6rtcfics  6tipes 
(caracsfeuatkm,  study  tc  et  asodfibaoon,  previsions  et 
vaiidaUoa)  et  en  psrticuUcr  avee  ks  (tub  en  voi  6chc0e  1, 
scul  cnoyca  de  Wrificr  la  vsliditd  des  pr6vrncns  dtabUex  i 
partir  de  dora6es  de  soufBcne  k  phis  Cubic  oootbee  ds 
Reynolds 

•  U  stmfpe  k  adopter  ni4-vu  ds  I’inxigrtUon  de 
coremaaiiA  ds  voS  daru  dec  casau  au  so!. 
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Fig2.  Intlusnca  das  virurss  da  pointe  avant  sur  la 
divaloppamant  das  touibiilons  da  points  avant 
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Fig3.  il lustra) ion  du  potantial  do  contrjlo  an  lacat  das 
virurss  d'avant  corps. 
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Fig13.  AmortiMwntnt  an  roultt  airodynamiqu*  Cnfl. 
Influanca  das  viruret  da  points  avant. 
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FigIS.  Application  das  t«K.hniquos  dadtcouplaga  da  o  «s  i.o  i.s 

systimes.  Evaluation  da  la  senstoilii*  d’una 
manoauvra  i  das  variations  dn  modMa 


Fig  19.  Techniques  d'optimisation  da  trajactoires.  0 

Application  k  une  manauvra  da  pointaga  longitudinal. 
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Hg20.  Restitution  d'essais  an  vol  an  souffleria  0 

varticala.  Compa  raison  module  masura. 
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Rg23.  Essais  an  vol  d»  naquetl*.  Malio.ition  da  raffat 
des  viruras  do  pointo  avan!  sur  la  momtnl  da  lacal. 
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Yaw  Control  by  Tangential  Forebody  Blowing 


N  J  Wood  and  W  J  Crowther 
School  of  Mechanical  Engineering 
University  of  Bath 
Bath,  Avon  BA2  7AY,  UK 


SUMMARY 

Aircraft  yaw  control  at  high  angles  of  attack  by 
tangential  forebody  blowing  has  been  investigated 
experimentally.  Tests  were  performed  in  the 
University  of  Bath  2-lmxUm  low  speed  wind  tunnel 
using  an  approximately  6%  scale  generic  combat 
aircraft  model  fitted  with  blowing  slots  in  the  nose 
''one.  Six  component  strain  gauge  balance  force  and 
-*  <-'=ita  was  measured  for  angles  of  attack  up  to 
%  rious  slot  geometries  and  locations.  The 
effect .  .ot  azimuthal  location  is  demonstrated  and  a 
slot  stan  phenomenon  described.  A  geometry 
dependent  forebody/wing  flow-field  coupling  has  been 
identified  which  can  lead  to  unexpected  yawing  and 
rolling  moments.  The  primary  source  of  yawing 
moment  is  shown  to  be  the  enhanced  area  of  attached 
flow  on  the  blown  side  of  the  forcbody  rather  than 
direct  vortex  influence. 

The  optimum  slot  extent  and  location  depend  on  the 
angle  of  attack  range  over  which  control  is  required. 
For  regions  where  steady  vortex  asymmetry  is  present, 
slots  near  the  apex  of  the  forcbody  produce  severe 
control  reversals  at  low  blowing  rates  which  can  be 
minimised  by  placing  the  slots  away  from  the  apex. 
For  control  in  regions  where  the  flow  is  dominated  by 
periodic  vortex  shedding  long  slots  offer  efficient 
control  to  90"  angle  of  attack.  The  most  suitable 
compromise  for  wide  range  control  would  appear  to  be 
a  short  slot  placed  away  from  the  apex  of  the  forebody. 

SYMBOLS 

b  Wing  Span  (0.66m) 

Cl  Rolling  Moment  Coefficient  (L/(qSs)) 

CN  Yawing  Moment  Coefficient  (N/(qSs)) 

Cy  Side  Force  Coefficient  (Y/(qS) 

C,,  Jet  Momentum  Coefficient  (mVj/(qS)) 

1  length  of  slot 

L  Rolling  Momeut  (+ve  port  wing  up) 
m  Jet  mass  flow 

N  Yawing  Moment  (+ve  nose  to  starboard) 

q  Free  stream  dynamic  pressure 

S  Wing  reference  area  (O.ISm2) 

s  Wing  semi-span 

Vj  Jet  Exit  Velocity 

x  location  of  upwind  end  of  jet 

Y  Side  Force  (-i-ve  to  starboard) 

a  Angle  of  attack 

0  Slot  azimuthal  location 


INTRODUCTION 

Aircraft  able  to  manoeuvre  freely  at  high  angles  of 
attack  exhibit  a  number  of  potential  advantages  over 
aircraft  with  more  limited  flight  envelopes.  Enhanced 
turn  performance  and  the  abflity  to  perform  prolonged 
manoeuvres  at  high  pitch  and  sideslip  angles  are 
examples  of  possible  improvements.  Rapid  heading 
reversal  is  such  a  manoeuvre  and  significant 
reductions  in  the  execution  time  have  been 
demonstrated  as  a  function  of  the  angle  of  attack 
limh(l|. 

Flight  at  high  angles  of  attack  does  introduce 
additional  complexity  into  the  flowfield  around  the 
aircraft  and  the  flow  is  often  separated  and  unsteady. 
This  results  in  a  reduction  of  the  effectiveness  of 
conventional  moving  surface  controls  and  a 
susceptibility  to  lateral  oscillations  and  divcrgcncc[2]. 
In  particular,  instabilities  associated  with  the  steady 
vortex  pair  emanating  from  the  forcbody  of  the 
aircraft  may  result  in  a  destabilising  yawing  moment 
of  significant  magnitude  (nose-slice).  In  many 
instances,  the  resulting  moments  from  forcbody  vortex 
asymmetry  are  larger  than  the  restoring  control  power 
available  from  the  rudder.  Thus  to  maintain  lateral 
control  authority  at  high  angles  of  attack  it  is 
necessary  to  develop  alternative  methods  for  the 
generation  of  yawing  moment. 

Since  it  is  the  forcbody  vortex  asymmetry  which  is  the 
cause  of  this  characteristic,  it  is  logical  to  attempt  to 
correct  the  instability  by  direct  control  of  the  forcbody 
flow.  This  has  been  the  focus  of  a  number  of  related 
research  programmes.  It  is  also  important  to 
understand  the  nature  of  the  flow  to  be  controlled  and 
it's  dependence  on  angle  of  attack,  figure  1.  At  low  to 
moderate  angles,  the  flow  is  stable  and  symmetric;  As 
the  angle  of  attack  increases,  a  steady  asymmetry  may 
appear  both  in  the  vortex  positions  and  the  location  of 
the  crossflow  separations  and  astrongyawingmement 
may  be  produced.  Further  increases  in  angle  of  attack 
produce  a  flow  which  is  unsteady  but  generally 
periodic  as  evidenced  by  the  alternate  shedding  of  the 
forebody  vortices.  Under  these  conditions,  the  time- 
averaged  yawing  moment  will  return  to  zero  and  the 
nose-slice  instability  disappears.  It  is  this  higher  angle 
of  attack  range  which  offers  many  potential 
improvements  in  manoeuvre  envelope  and  therefore 
any  control  device  must  be  capable  of  generating 
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forebody  section,  the  addition  of  jet  momentum  delays 
the  flow  separation  on  that  side,  reduces  the  adjacent 
vortex  strength  and  relocates  it  closer  to  the  leeward 
surface.  This  motion  of  the  adjacent  vortex  causes  the 
opposite  vortex  to  move  away  from  the  surface  anti  to 
strengthen.  Subsequently,  the  opposite  separation 
points  must  move  to  windward  enhancing  the  induced 
side  force,  in  addition,  the  stagnation  point  moves 
towards  the  unblown  side  representing  a  form  of 
circulation  in  the  crossflow  plane.  Thus  the  production 
of  side  forct/yasting  moment  on  a  forebody  is  not 
dissimilar  to  the  control  of  circulation  on  conventional 
elliptic  aerofoils.  The  primary  source  of  yawing 
moment  has  been  shown  to  be  (be  modified  area  of 
attached  flew  rather  than  modified  vortex  influence. 

The  present  research  intends  to  investigate  the 
mechanisms  by  <vtiich  yaw  control  may  be  developed 
over  a  wide  range  of  angles  of  attack  (up  to  W)  using 
TFB  and  to  identify  factors  affecting  the  efficiency  of 
such  a  device. 


no 


Figure  3:  Wind  Tunnel  Model. 


EXPERIMENTAL  APPARATUS 
The  wind  tunnel  model  is  shown  in  figure  3.  The 
configuration  was  determined  through  a  parametric 
study  of  current  combat  aircraft  shapes,  with  an 
emphasis  on  establish  inga  simplified  but  representative 
forcbody  and  wing  geometry. 

The  basic  components  of  the  model  arc  a  70mm 
diameter  extruded  aluminium  fuselage,  2.65mm  thick 
aluminium  sheet  (lying  surfaces  and  a  fineness  ratio  4 


tfrj 

tangent  ogive  note  co*e  made  from  vacuum  formed 
plastic.  The  model  b  nodular  in  design  permitting  a 
variety  of  wing  pUnforms  to  be  evaluated.  A  cross 
section  through  the  noac  cone  b  shown  m  figure  4. 
The  length  of  the  slot  cu  be  varied  by  partitioning  off 
sections  with  adhesive  tape  and  the  slot  height  can  be 
varied  by  adjusting  screws  set  a  small  distance  in  from 
the  slot  lip.  Slot  angular  position  b  varied  by  rotating 
the  whole  nose  cose  assembly  relative  to  the  fuselage. 


Wall  Thtdcneu  I  mm 

Figure  4:  Cross  Section  through  Vacuum  Formed 
Nose  Cone. 

Three  different  nose  cones  were  manufactured.  For 
slot  azimuthal  location  tests,  a  nose  cone  with  a  single 
slot  on  the  port  side  and  another  with  a  slot  on  the 
starboard  side  were  fabricated.  When  the  optimum 
slot  azimuthal  location  had  been  determined,  a  further 
nose  cone  was  made  with  slots  on  either  side,  at  the 
optimum  location. 

The  wind  tunnel  model  was  mounted  on  a  pantograph 
high  angle  of  attack  mechanism  capable  of  0  to  90*  in 
pitch.  Forces  and  moments  were  measured  on  a  6- 
compooent  sting  balance  (kindly  loaned  by  DRA 
Famborough)  mounted  within  the  model  near  (he 
centre  of  gravity.  The  moment  reference  point  k 
shown  on  figure  3.  The  data  acquisition  system  was 
fully  automated  and  acquired  balance  data  at  IflOOHz. 
A  sample  period  of  1  second  was  averaged  to  provide 
mean  force  and  moment  results.  Repeatability  on 
force  and  moment  coefficients  was  shown  to  be  well 
within  596. 

Throughout  this  work  a  non-dimensional  momentum 
coefficient,  G,  has  been  used  to  present  the  effect  of 
blowing  on  tnc  model  forces  and  moments.  Unlike 
equivalent  mass  flow  parameters,  momentum  has  been 
shown  to  provide  the  best  collapse  of  results  which 
include  variations  of  both  slot  geometry  and  free 
stream  conditions.  For  fixed  slot  geometry  and 
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tncompressfele  Sow  either  parameter  may  be  uied  with 
equal  effective  not. 

Jet  flow  parameters  were  derived  from  measurement! 
of  supply  volume  float  rate  and  plenum  static  pressure. 
This  removes  slot  area  from  the  parameter 
determination  calculations  and  thus  allows  for 
variations  in  slot  discharge  coefficient  and  minimises 
the  effect  of  any  slot  distortion  at  different  plenum 
pressures.  Unless  otherwise  stated,  a  slot  240mm  long 
starting  30mm  from  the  forebody  apex  was  used 

The  off-body  velocity  contours  were  obtained  ft _ n  an 

Ac rome tries®  two  component  laser  anemometer.  A 
lm  focal  length  transmitter  provided  a  fringe  spacing 
of  8  microns  end  water  droplets  produced  from  a 
commercially  available  automobile  paint  spray  gun 
provided  copious  amounts  of  4  micron  seed.  A 
Doppler  Signal  Analyzer  (DSA*)  was  used  to  analyze 
the  output  sjgpals  and  averages  of  1000  validations 
were  used  to  produce  mean  and  rms  vcloci:  es. 

RESULTS  AND  DISCUSSION 

All  results  presented  were  obtained  at  a  Reynolds 

number  of  15x10*  per  metre. 
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Figure  V  Unblown  force  and  Moment  Data. 


Prtssur*  Coefficient  (  ) 


-3  - 
-2  • 

-t  ; 

0  v  .<»' 

-J - - 

-2  - 
-1  r* 


,0-0- 0*0 


,0*0»o-0-0“0-0* 


,o'-°  \  1 

\  I 

•  \  I 

a  ?_CrO_t _ °-o 


^O-C-O-O-O'O-O'O'O-O-O'O-O'O-O-O*^ 


,  _  .  +.  .  a  =  8_° - o_h 

0  90  180  270  360 

Angulor  Poslllor  '  0*gr**»  ) 

Figure  6:  Unblown  Pressure  Dislribulions  around 
Forcbody. 


Bavtliar  Uabtaw*  Data 

Unblown  sidcfotcc.  r oiling  moment  and  yawing 
momeni  data  is  shown  in  figure  5.  The  results  can  be 
correlated  with  three  types  of  vortex  configuration. 
For  angles  of  attack  up  »o  25*  the  vortices  arc  steady 
and  symmetric  resulting  m  zero  lateral  forces  and 
moments.  Between  25*  and  60*  a  steady  asymmetric 
vortex  patterns  appears.  The  yawing  moment  data 
exh  frits  the  classic  nosc-sl.ee  response  to  Sieady 
asymmetric  vortices  at  around  35*  angle  of  attack  and 
a  reversal  at  48*  as  tbc  vortex  pair  switches  to  a 
mirror  image  configuration.  Pressure  distributions 
around  the  forcbody  dearly  show  this  reversal  of  the 
vortex  asymmetry,  figure  6.  Note  that  above  35*  angle 
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of  attack  the  destabilising  moments  generated  by  the 
forebody  flow  asymmetry  are  larger  than  the  restoring 
moments  available  from  the  rudder.  Beyond  60 ’  the 
flow  is  dominated  by  periodic  vortex  shedding  and  the 
time-averaged  lateral  forces  and  moments  return  to 
zero. 

The  rolling  moment  is  zero  apart  from  regions  between 
20°  and  35°  and  around  45°.  Flow  vbualisation  studies 
have  shown  that  these  regions  mark  the  extent  of  a 
region  in  which  the  forebody  and  LEX  flowfields  arc 
coupled  and  that  asymmetric  forebody  vortices  result 
in  asymmetric  bursting  of  the  LEX  vortices,  figure  7. 
The  resulting  asymmetric  pressure  distributions, 
primarily  on  the  LEX,  produce  the  observed  rolling 
moments.  The  magnitude  of  this  coupling  has  been 
shown  to  be  somewhat  dependent  on  the  wing 
planform  and  in  particular  the  presence  of  the  LEX 
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Figure  7:  Diagram  of  LEX/Forebody  Vortex  Coupling 
taken  from  Flow  Visualisation. 


Blown  Force  and  Moment  Data 
The  effects  of  blowing  are  shown  in  figure  8  for  fixed 
blowing  momentum.  Unless  otherwise  stated,  all 
results  are  for  the  longest  slot  configuration  starting  at 
the  apex  and  at  the  90*  azimuth  location.  A  key 
feature  of  the  data  is  the  presence  of  a  non-Iincar 
yawing  moment  response  at  2D*  angle  of  attack  at  the 
initiation  of  the  forebody/LEX  coupling.  Note  that  in 
this  region,  port  side  blowing  produces  a  negative 
rolling  moment  and  vice  versa.  This  is  consistent  with 
a  forward  motion  of  the  blown  side  LEX  vortex  burst 
location  and  an  opposite,  aft  motion  on  the  unblown 
side.  A  similar  phenomenon  has  been  reported  by  Gee 
ctjl.[9)  from  numerical  studies  of  forebody  slot 
blowing  on  an  F-18  configuration. 
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Figure  8:  Blown  Force  and  Moment  Data. 

Figure  9  shows  the  response  to  varying  blowing 
momentum  at  freed  angles  of  attack.  Generally,  port 
side  Mowing  produces  a  nose-to-porl  (negative) 
yawing  moment  and  starboard  side  blowing  a  nose- to- 
starboard  (positive)  yawing  moment.  However,  at  low 
Mowing  rates,  a  control  reversal  appears  in  the  angle 
of  attack  region  where  steady  vortex  asymmetry  has 
been  observed.  This  phenomenon  is  associated  with 
a  reversal  of  the  intended  fluid  response  to  increasing 
Mowing  momentum.  At  very  low  blowing  levels,  the 
blown  side  separation  point  moves  inwards  the 
windward  generator  resulting  in  reduced  areas  of 
attached  flew  and  a  strengthened  blown  side  vortex 
The  mechanisms  which  cause  this  reversal  are  undcar 
but  it  is  possible  to  note  some  observations. 

(i)  The  sign  of  the  unblown  vortex  asymmetry  docs 
not  affect  the  resulting  control  reversal. 

(ii)  Since  the  wall  jet  separation  is  dominant 
compared  to  the  external  boundary  layer  it  is 
possible  for  the  jet  to  precipitate  premature 
separation.  Thus  the  slot  azimuthal  location 
could  be  important  in  producing  the  reversal. 
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(iii)  The  presence  of  vortices  generated  at  the  ends  of 
the  blowing  slots  may  contribute  to  a  change  in 
the  crossQow  equilibrium  which  requires  the 
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forebody  vortices,  and  hence  the  separation 
points,  to  relocate. 

(iv)  The  control  reversal  is  only  apparent  in  the  angle 
of  attach  range  at  which  the  vortices  are  steady 
and  asymmetric. 

(v)  The  longitudinal  slot  location  will  be  shown  to 
minimise  the  control  reversal. 
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Figure  10:  Pressure  Distributions  around  Ihc 
Forebody  for  low  Blowing,  a  =  40". 
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Figure  10  shows  pressure  distributions  around  the 
forebody  at  conditions  which  exhibit  control  reversal 
and  show  the  increased  suction  on  the  unblown  side. 
It  is  difficult  to  identify  the  motions  of  the  separation 
locations  from  these  distributions  but  the  sensitivity  of 
tbs  yawing  moment  to  those  locations  may  be 
inferred.  Note  that  the  blowing  momentum*  shown 
are  restricted  within  the  region  of  control  reversal. 

Recognising  that  the  primary  source  of  yawing 
moment  from  slot  blowing  b  due  to  increased  regions 
of  attached  Dow  on  the  blown  side,  it  is  possible  to 
represent  the  yawing  moment  response  to  increasing 
blowing  momentum  as  Ihc  sum  of  two  separate 
contributions,  figure  1 1.  The  first  order  response  is  to 
delay  separation  on  the  Mown  side.  The  degree  to 
which  the  can  produce  yawing  moment  k  liinhcd  by 
the  contraction  of  the  attached  (low  region  due  to  jet 
end  effects  and  the  reducing  effectiveness  of  the 
attached  (low  when  resolved  in  the  side  force  plane. 
Hence  the  gradual  reduction  in  moment  production 
with  increasing  blowing.  The  rate  of  increase  in 
yawing  moment  with  blowing,  is  determined  also  by 
the  angle  of  attach.  At  feigner  angles,  the  jet  b  issuing 
into  a  crossflow  more,  nearly  aligned  with  the  jet  exit 
direction  (normal  to  the  slot)  and  the  interaction  is 
enhanced. 
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Figure  9:  Blown  C  irol  Response  at  Increasing  Angie 

of  Attack.  Superimposed  on  this  response  is  the  interaction  with 

the  steady  asymmetric  forebedy  vortices  and  the 
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Figure  II:  Contributions  to  Yaw  Control. 

resulting  control  reversal.  The  superimposition  of 
these  two  effects  produces  the  observed  control 
response.  The  magnitude  of  the  second  order  response 
is  related  to  the  increasing  strength  of  the  forcbody 
vortices  with  increasing  angle  of  attach. 

VeUeity  Contours 

Figure  12  shows  the  results  of  a  brief  LDA  survey  at 
the  point  of  the  forebody/LFrX  junction  for  both 
unblown  and  blown  conditions  at  40*  angle  of  attack. 
The  velocities  recorded  were  aligned  with  the  free 
stream  direction  but  can  still  provide  useful 
information  regarding  the  location  of  the  forcbody 
vortices  and  the  effects  of  blowing 

Unblown,  tbe  vortex  asymmetry  can  be  seen  and  the 
asymmetric  acceleration  of  the  Quid  atcund  the 
forcbody  can  be  related  to,  and  is  consistent  with,  the 
ywing  moment  measured  from  the  sting  balance.  The 
vortex  indicated  is  referred  to  as  the  "high"  vortex,  the 
other  being  located  outside  the  measurement  region 
and  doser  to  the  forcbody  surface. 

Blowing  was  introduced  at  a  rate  which  allowed  only 
tbe  first  order  response  to  be  present  (C^-  0.01).  At 
this  momentum  level,  the  wall  jet  can  be  seen  to  delay 
separation  past  tbe  Icewatd  generate,  and  then  to 
leave  the  surface  cn  the  untfcwn  side.  Tbe  trajectory 
of  the  jet  away  from  the  surface  can  be  identified  as 
can  the  fluid  acceleration  on  the  blown  side.  The 
reversal  of  tbs  yawing  moment  should  be  obvious. 


Figure  12:  Off  Body  Velocity  Contours,  Blown  and 
Unblown,  a  =  40*. 

Ski  Location 

Figure  13  shows  the  effects  of  changing  the  slot  >tngib 
for  each  of  the  three  vortex  regimes.  At  low  angles  of 
attack  the  response  is  essentially  independent  of  the 
slot  length  and  control  can  be  established  with  very 
short  slots.  In  regions  dominated  by  steady  vortex 
asymmetry,  lengthening  the  slot  extends  the  region  of 
coelroi  reversal.  However  this  may  also  be  an 
indication  that  the  extent  of  Ike  reversal  is  dependent 
mote  on  the  local  ve«cshy  ratio  rather  than 
momentum.  Reducing  the  slot  height  at  constant 
momentum  may  well  reduce  (he  extent  o£«ite  reversal 
At  high  angles  cf  attack,  where  the  forcbody  Dow  b 
dominated  by  period ie  vortex  shedding,  increasing  the 
length  of  the  slot  produces  significant  gains  in 
efficiency.  This  may  be  related  to  the  merer sed  atca 
of  attached  Dow  which  results  from  the  gradually 
increasing  radius  of  the  forebody  away  from  thespex. 
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Figure  13:  Effect  of  Slot  Length  on  Blown  Control 
Response. 


The  effect  of  slot  longitudinal  location  is  shown  in 
figure  14.  For  efficiency  at  low  angle  of  attack,  it  is 
essential  to  place  the  slots  as  far  forward  as  possible; 
a  conclusion  reached  by  many  other  researchers.  At 
mid-range  angles  of  attack  moving  th  s  slot  aft  reduces 
the  control  reversal  witi  ’  «e  effect  on  the  eventual 
gain  of  the  system.  Of  more  interest  are  the  results  for 
high  angles  of  attack  where  slot  longitudinal  location 
has  little  effect  on  the  response  to  increasing  blowing. 
Thus  it  may  be  possible  to  configure  a  relatively  short 
slot  (to  minimise  mass  flow)  away  from  the  apex  (to 
minimise  interference  with  the  radome  and  the 
occurrence  of  control  reversal  at  low  blowing)  as  an 
optimum  configuration  for  extreme  angle  of  attack 
control.  The  lack  of  sensitivity  to  longitudinal  position 
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Figure  l':  Effect  of  Slot  Position  on  Blown  Control 
Response. 
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at  these  angles  is  suggested  to  be  due  to  a  cancellation 
of  the  effect'  of  reduced  area  of  attached  flow  and 
increased  distance  from  the  centre  of  gravity. 

The  effect  of  slot  azimuthal  location  for  the  single 
slotted  nose  cone  models  is  shown  in  figure  15.  The 
dominant  trend  that,  for  a  fixed  blowing  rate,  larger 
yawing  moments  are  produced  in  response  to 
movement  of  the  slot  towards  the  leeward  generator. 
The  slot  efficiency  keeps  increasing  until  a  position  at 
which  a  phenomenon  referred  to  as  slot  stall  appears 
at  high  angles  of  attack.  The  slot  stall  is  characterised 
by  a  sudden  detachment  of  the  wall  jet  from  the 
surface  resulting  in  a  loss  of  control  of  the  cross  flow 
separation.  This  phenomenon  has  also  been  observed 
on  delta  wings  with  tangential  leading  edge  blowing. 
As  the  azimuthal  location  of  the  slot  moves  towards 
the  leeward  generator  the  angle  of  attack  at  which  slot 
stall  occurs  decreases.  This  phenomenon  is  also 
characterised  by  c  hysteresh  loop  which  may  spread 
over  20°  at-g#  of  attack.  The  optimum  location  cf  tho 
slot  world  pppea  'o  be  atar  the  90°  azimuthal 
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Yawing  Moment  (  CH  )  Yawing  Moment  (  -  CK  ) 


Angl.  of  Altock  (d.gr.o)  An8l.  Qf  At,cck  (  0,gr<)„  ) 

Figure  15:  Effect  of  Slot  Azimuthal  Location  on  Figure  16:  Summary  of  Control  Response  Identifying 
Control  Response  at  Fixed  Angle  of  Attack.  Vortex  Coupling  Region  and  Slot  Stall. 


location.  Thh  variation  of  control  effectiveness  with 
azimuthal  location  may  be  used  to  identify  possible 
response  in  the  presence  of  sideslip.  It  should  be 
noted  however,  that  a  circular  cross  section  is  pethaps 
the  most  sensitive  to  azimuthal  location  due  to  the 
relatively  weak  pressure  gradients  in  the  crosstlow. 

It  has  been  determined  that  the  cross-flow  separation 
in  the  vicinity  of  the  slot  was  generally  iaminar  for  all 
these  tests.  At  larger  scale  and  higher  speeds  it  is 
expected  that  the  cross-flow  separation  would  be 
turbulent.  This  should  not  affect  the  performance  of 
TFB  providing  the  azimuthal  location  of  the  slot  exit  is 
modified  to  account  for  the  delayed  separation. 

Figure  16  summarises  the  overall  yawing  moment 
response  to  tangential  forebody  blowing.  Each  of  the 
non-linear  regions  associated  with  LEX/forebody 
coupling  and  slot  stall  may  be  minimised  by 
configurational  optimisation.  If  control  is  sought 
primarily  for  higu  svigle  of  attack  (>60°)  then  a  system 
capable  of  controlling  the  periodic  shedding  process  is 
necessary.  Since  it  has  been  shown  that  on  efficient 
mechanism  for  yawing  moment  development  is  the 
production  of  increased  attached  flow  around  the 
forcbody,  tangential  foreboo/  blowing  appears  to  be  a 
good  candidate  for  further  investigation.  A  short  slot 
away  from  the  apex  offers  simplilicd  installation  with 
acceptable  response  at  very  high  angles  of  attack. 
Preliminary  cstimaics  for  full  scale  application''  show 


that  2%  of  engine  mas3  Dow  would  be  sufficient  to 
provide  yaw  control  up  to  90°  angle  of  attack. 

CONCLUSIONS 

Tangential  Forebody  Blowing  has  been  shown  to  be 
an  effective  device  for  the  development  of  yawing 
moment  to  very  high  angles  of  attack.  The  primary 
mechanism  is  the  control  of  the  area  of  attached  flow 
on  the  side  of  the  forebody  rather  than  influence 
resulting  from  vortex  control.  This  enable:)  control  oi 
both  steady  asymmetric  forebody  vortices  and.  at 
higher  angles  of  attack,  periodic  shedding. 

For  low  angle  of  attack  conttol,  short  slots  near  the 
apex  of  the  forcbody  are  most  suitable  although  these 
may  be  superfluous  in  the  presence  of  even  the 
snallesi  fifl/rudder  combination. 

For  control  in  regions  with  steady  asymmetric  vortices, 
slots  positioned  near  the  apex  produce  significant 
control  reversals  for  low  blowing  rates.  For  a  modest 
loss  in  efficiency,  slots  positioned  some  way  removed 
from  the  apex  have  been  shown  to  minimise  this 
reversal. 

For  high  angle  of  attack  control,  TFB  is  capable  of 
controlling  the  periodic  shedding  of  the  forebody 
vortices  and  producing  significant  latcisl  control. 
Long  slots  extending  from  the  apex  appear  to  offer 
the  highest  gain  but  adequate  control  can  be  achieved 
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with  the  upwind  end  of  the  slot  some  distance  from  the 
apex.  This  combination  of  a  medium  length  slot  dear 
of  the  apex  would  appear  to  offer  the  bwt 
compromise. 

A  further  coupling  between  TFB  anJ  the  wing 
planfonn  has  been  identified  which  may  result  in 
undesirable  roll/yaw  interactions  depending  on  the 
proximity  of  a  LEX  to  the  blowing  slot.  A  slot  stall 
with  a  large  hysteresis  has  also  been  identified  and  is 
a  function  of  the  azimuthal  location  of  the  jet  exit. 
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SUMMARY 


Wind  mnnel  studies  of  flows  over  a  cambered  delta  wing  of  60°  leading-edge  sweep  at  low  speed  have  shown  'hat  the  flow 
separates  on  a  forward  put  of  the  cuncd  upper  surface.  Although  not  apparent  in  surface  pressure  distributions,  this 
separation  strongly  influences  the  position  of  the  onset  of  leading-edge  separation.  The  present  paper  describes  a  wind-tunnel 
study  into  the  use  of  sui  boundaiy-layer  vortex  generators,  in  the  form  of  thin  wires,  to  control  the  flow  along  and  toward 
the  upper-surface  separation  line  The  control  is  effective  because  it  shifts  die  position  of  the  onset  of  leading-edge  separation 
downstream,  ensuring  increased  leading-edge  thrust,  mainly  through  a  reorganisation  of  the  separated  flow  further  do'vnstrea-n. 
The  flow  mechanisms  arc  described,  as  well  as  the  effects  cf  wire  number.  Multiple  wires  can  provide  a  reduction  of  about 
16%  in  the  lift-dep*ndcnt  drag  factor.  The  implications  of  the  study  for  the  subsonic  flight  characteristics  of  super- jnic 
combat  aircraft  are  described  and  suggest  that  the  vertex  generators  offer  genuine  improvemems  in  subsonic  manoeuvre 
performance. 


NOTATION 

A  SVing  fipect  ratio 

C0  overall  drag  coeflicier.: 

^ot  excrescence-drag  coefficient,  based  cr  frontal  area 

of  excrescence  and  local  dynamic  pressure 
Co,  overall  parasitic-drag  coefficient 

Cf  local  skin-friction  coefficient 

Ct  overall  lift  coefficient 

C„  pitching-moment  coefficient,  about  reference  point 

shown  in  Fig  3b 

C.*  reduced  pitching  moment  coefficient.  Fig  14 

C,  static  pressure  coefficient 

C„  C,  overall  axial  and  normal  force  coefficients,  axial 
force  positive  downstream,  normal  force  positive  in 
lift  direction 

c,,  c,  local  axial  and  normal  force  coefficients  based  on 
local  wing  semi-swn 
c,  wing  centre-line  chord  (Fig  3b) 

d  wire  diameter 

K  lift-dependent  drag  factor 

M  free-strtam  Much  number 

p  number  of  wires 

P  point  on  wing  leading  edge  where  flow  changes 
from  attached  to  separated 

R  Reynolds  number  bi-.-d  on  frce-stream  conditions 

and  geometric  ntear,  chord 
R,  reattachment  fine  (Fig  2) 


s 

S. 

S 

WVG 


separation  lined  (Fig  .7) 

wait  friction  v.-locity,  **  v(t]ip) 

luca1  wing  »erni-tp*n  made  non-dimensionai  by 

ecntre-iir.:  cricr'l 

geometric  mean  scmi-s-^in  of  wing  made 
non-dbnensionai  by  centre-line  chord 
wing  planfrrm  area  (Fig  3b) 
wire  vortex  generator 


x.y,z  cartesian  coordinate  system,  made  non  dimensional 
by  centre-line  chord  and  with  origin  at  virtual  apex 
of  wing  (Fig  3b) 
axial  position  of  point  P 

x.,  v,,  axial  stations  defining  positions  of  wires  (Fig  4) 

a  angle  of  incidence 

ox.  axial  distance  between  wires  (Fig  4) 

A  increment  due  to  wire(s) 

H  non-dimensional  spanwisc  position.  »  y/s 

t.  wall  shear  stress 

NB.  Unless  otherwise  stated,  all  coefficients  ere  based  on 
frce-stream  dynamic  pressure  and  overall-force  coefficient' 
are  based  on  wing  planfo>m  area  S. 

I  INTRODUCTION 

Modem  combat  aircraft  are  expected  to  fu'.lii  multiple  roles, 
which  means  that  they  have  to  be  able  to  operate  o'  cr  a  wide 
range  of  combinations  of  lift  coefficients  and  Mach  numbers 
(Fig  I)  These  requirements  mean  that  the  wing  .las  to  be 
ab'-e  to  provide  lift  efficiently  in  a  wide  variety  of  flow 
conditions.  At  least  three  different  approaches  to  attain  Jiese 
objectives  might  be  considered: 

i/  produce  a  compromise  design,  ie  one  which  r  not 
optimum  at  any  given  condition, 

ii)  make  use  of  variable  geometry;  and 

iii)  dcrign  for  a  prime  condition  in  ihc  lift 
coefficieni-Mac.h  number  plane,  accepting  that  the 
aerodynamic  performance  of  the  wing  may  be  much  poorer 
than  that  of  shapes  that  are  optimum  at  other  conditions. 
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Fig  1  Typical  operating  conditions  for  hypothetical 
combat  aircraft 

The  present  paper  is  mainly  concerned  with  wings  designed 
using  the  third  approach.  The  principal  design  point  of  the 
type  of  wing  considered  is  a  sustained  manoeuvre  condition 
at  supersonic  speeds  (Case  A  in  Fig  I).  Wing  shapes 
designed  to  achieve  efficient  manoeuvre  at  supersonic  speeds 
have  been  the  subject  of  extensive  study  in  the  USA.  mainly 
at  Grumman  Aerospace  and  at  NASA  Langley  Research 
Center.  Mason  and  Miller1  and  others1-’  considered  a 
particular  class  of  supersonic  wing  featuring  significant 
camber  and  having  relativeiy-blunt  leading  edges.  Span  wire 
camber  was  shown  to  weaicen  the  cross-flow  shock  wave 
above  the  wing,  thus  reducing  wave  drag,  while  a  blunt 
leading  edge  ensur'd  that  the  flow  a!  the  leading  edge  was 
attached.  Wings  o,  this  type  have  also  been  studied  at  the 
Defence  Research  Agency  (DRA,  formerly  RAE)  Bedfo.U. 
Experimental  studies,  performed  at  supersonic  speeds  in  the 
?fl  x  3ft  Wind  Tunnel  at  Bedford  in  collaboration  with 
NASA.  Langley  Research  Center,  confirmed  the  soundness 
of  the  potential-flow  design  methods  used  by  NASA'  and  of 
Euler  methods  for  complex  configurations  used  in  UK’. 


>i  whf  arm  wi 

Fig  2  Sketches  of  upper  surface  oil-flow  visualisations 
showing  types  of  flow  studied 


As  well  as  studying  the  supersonic  aerodynamics  of  these 
wings,  DRA  has  also  investigated  their  behaviour  at  subsonic 
manoeuvre  conditions.  Investigations  in  the  Mach-numbcr 
range  0.5  to  0.3  tevealed  the  flows  to  be  complex  and  to  vary 
significantly  with  Reynolds  number*.  In  order  to  gain  an 
improved  understanding  of  the  factors  affecting  the  scale  (or 
Reynolds-number)  sensitivity  of  these  flows  at  low  cost,  a 
detailed  study  has  since  been  performed  in  the  13ft  x  9ft  Low 
Speed  Wind  Tunnel  at  Bedford  of  flows  over  one  of  the 
wings  previously  studied  at  higher  Mach  number.  An 
illustration  of  the  character  of  the  flows  over  this  wing  is 
provided  by  a  sketch  of  a  surface  oil  flow  on  the  upper 
surface  (Fig  2a).  The  sketch  shows  that  the  flow  may  be 
divided  into  two  regions,  one  upstream  of  the  point  P  (on  the 
leading  edge),  where  the  leading-edge  flow  is  attached,  and 
the  other  downstream  of  it  where  leading-edge  separation 
occurs,  revealing  a  flow  with  a  part-span  separation  5„ 
reattaching  at  R„  and  a  secondary  separation  of  the  flow 
outboard  at  S,.  In  the  upstream  region,  separation  occurs  on 
the  curved  part  of  the  upper  surface  at  S|.  Although  this 
three-dimensional  separation  is  n  weak  feature,  in  that  it  is 
not  apparent  in  surface  pressure  distributions,  it  has  a 
profound  influence  on  the  flow  through  its  effect  on  the 
boundary-layer  flow  towards  the  point  P.  At  this  point  the 
separation  line  S,  effectively  joins  or  intersects  the  leading 
edge.  This  suggests  the  possibility  of  controlling  the 
leading-edge  separation  by  influencing  the  behaviour  of  the 
boundary  layer  in  the  region  of  the  separation  line  S,.  Fig  2b 
shows  that  a  sub  boundary-layer  vortex  generator,  in  the  form 
of  a  thin  wire  placed  upstream  of  S„  induces  a  vortex  which 
controls  the  flow  towards  and  along  the  separation  line  in 
such  a  way  as  to  move  the  point  P  downstream  The 
movement  of  this  point  has  the  obvious  consequence  of 
increasing  the  extent  of  the  leading  edge  over  which  the  flow 
is  attached,  resulting,  it  might  be  thought,  in  an  increase  in 
leading-edge  thrust  However,  the  discussion  later  in  this 
paper  will  show  that  there  are  less  obvious  consequences 
which  lead  to  larger  reductions  in  drag. 

Section  2  describes  the  details  of  the  experiment  Section  3 
discusses  detailed  aerodynamic  aspects  of  these 
boundary-layer  control  devices  and  of  bow  their  effectiveness, 
in  terms  of  increased  leading-edge  thrust  or  reduced  drag,  is 
influenced  by  the  number  of  wires.  The  implications  of  these 
results  for  ute  flight  characteristics  of  combat  aircraft  are 
considered  m  Section  4.  Conclusions  are  presented  in 
Sectiro  5. 

2  EXPERIMENTAL  DETAILS 

2.1  Wind  nrmitl,  model,  equipment  and  techniques 

The  tests  were  performed  in  the  13ft  x  9ft  Wind  Tunnel, 
which  has  an  atmospheric-pressure  working  section,  so  that 
changes  in  wind  speed  result  in  changes  in  both  Reynolds 
number  and  Mach  number.  The  wind  tunnel  has  a  maximum 
operating  speed  of  about  90m/'s  and  low  turbulence  levels. 
For  example,  at  a  wind  speed  of  61m/$,  turbulence  levels  in 
a  working  section  reference  plane  have  been  measured  to  be 
3.014%  in  the  longitudincl  direction  and  0.063%  in  the  lateral 
direction, 
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The  model  used  for  this  study  is  illustrated  in  Fig  3,  which 
shows  a  photograph  (Fig  3a)  and  a  sketch  (Fig  3b).  As 
indicated  in  the  figjrc,  the  model  comprises  the  port  half  of 
a  wing-body  configuration  mounted  on  an  under-floor, 
mechanical  balance  measuring  four  components  of  force  or 
moment  The  wing  has  a  leading-edge  of  60“  sweep,  with 
a  Kuchcmann-type  tip.  and  with  streamwise  sections  of  4% 
local  thickness  to  chord  ratio  The  leading-edge  radius  is 
virtually  constant  at  0.13%  centre-line  chord.  c*  over  the 
whole  span.  Fig  3b  illustrates  the  camber  distribution, 
showing  the  pronounced  curvature  of  the  wing  in  the 
spanwise  direction  and  the  characteristic  inverse  camber  of 
the  wing  section  near  he  body  side. 


a)  Modal  in  Working  Section 


m 


b)  Sketch  of  Model,  illustrating  geometry 
and  notation 


Fig  3  Details  of  the  model 

Static  pressures  were  measured  on  the  wing  surface  at  7 
spanwise  stations  along  the  model  axis  (Fig  3b)  at  a  total  of 
300  onfices,  each  of  0.5mm  diameter  and  drilled  normal  to 
the  surface  The  orifices  were  concentrated  in  the  region  of 
the  leading  edge  so  that  local  axial  .'orce  or  leeding-edge 
thrust  coi  Id  fcc  determined  accurately  The  axial  position  of 
each  of  hese  stations  is  defined  by  x.  the  exial  distance 
from  th  apex  of  the  wing,  made  non  dimensional  by 
centre-'.me  chord.  The  pressures  were  measured  using 
elect- o-mcchanicnl  scanning  or  pressure  transducers  of  range 
■'.34.5  kN/m1.  As  wcl!  as  being  used  to  skid;  die  character 


of  the  flow,  these  measurements  were  used  to  investigate 
local  and  overall  pressure  forces  on  the  wing.  In  addition, 
pressure  measurements  were  used  to  infer  the 
non-dimensional  axial  position  of  the  point  P,  x,;  this  was 
achieved  by  plotting  the  pressure  coefficient  at  an  orifice 
close  to  that  for  minimum  pressure  against  angle  of  incidence 
at  each  axial  measurement  station.  The  angle  of  incidence  at 
which  this  pressure  increases  rapidly  with  angle  of  incidence 
was  noted  and  taken  as  indicate  the  angle  of  incidence  at 
which  ‘P*  coincided  with  the  measurement  station  or  the 
onset  of  leading-edge  separation.  The  downstream  shift  of 
’P*  due  to  a  wire  or  wires  was  then  found  by  comparison 
between  plots  cf  x,  against  angle  of  incidence. 
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Fig  4  Definition  of  wire  geometries 

Fig  4  illustrates  the  geometry,  position  and  orientation  of 
each  of  the  wire  vortex  generatora  (WVG's,  patent  pending). 
In  the  tests  to  be  described  the  wires  were  of  diameter 
d  «  0.51mm  (0.00028c 0)  and  of  length  22.9mm  (00128c,). 
The  wires  were  stuck  with  a  contact  adhesive  and  were 
pressed  down  so  that  the  height  of  the  wire  crest  above  the 
wing  surface  was  equal  to  wire  diameter.  The  position  is 
defined  by  a  particular  axial  station,  x.,  which  the  nose  of  the 
wire  is  downstream  of  by  a  fixed  distance  0.0142c,.  and  the 
angle  between  the  axis  of  the  wire  and  the  wing  leading  edge 
in  the  wing  chord  plane  was  set  at  16.3“  in  the  tests  to  be 
described.  As  well  as  single  wires,  configurations  with 
multiple  wires  were  tested.  Three  sets  were  studied,  as 
defined  in  the  table  in  Fig  4.  by  the  value  x_  of  the  most 
upstream  wire,  x.,,  the  non-dimensional  axial  distance 
between  them,  5x.,  and  the  number  of  wires  n.  In  the  case 
of  Set  3,  the  largest  number  of  wires  tested  was  56,  the 
corresponding  value  of  x„,  being  shown  in  Fig  4;  the  other 
members  of  the  set  were  obtained  by  successively  removing 
every  other  wire,  beginning  with  the  most  upstream  wire. 
The  values  of  x»,  and  5x»  for  the  other  mtmbera  of  the 
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family  am  determined  by  the  simple  recurrence  relationship 
fivea  in  the  table. 

In  all  the  tests,  boundary-laytr  transition  was  allowed  to 
occur  naturally’.  The  runs  or  fer  this  is  that  transitiofl  cannot 
readily  be  fixed  near  the  leading  edge  of  wings  at  high 
angles  of  incidence  and  low  speed  owing  to  the  combined 
problems  of  a)  the  need  to  fix  transition  upstream  of  the 
suction  peak,  which  is  close  to  the  leading  edge,  and  b)  the 
difficulty  of  fixing  transition  in  the  region  of  rapid 
acceleration  upstream  of  the  peak.  As  is  shown  in  Section 
3.!,  a  consequence  of  not  being  able  to  fix  transition  is  that 
the  effect  of  Reynolds  number  on  the  wing  flow  is  la^e  at 
low  Reynolds  numbers.  However,  the  tests  were  performed 
at  a  higher  Reynolds  number  where  the  effects  of  Rcyi. 
number  on  the  flows  is  small. 

Oil-flow  visualisations  were  performed  for  a  selection  of 
conditions  using  a  mixture  of  diesel  oil  and  a  pigment  that 
was  sensitive  to  ultra-violet  light. 

No  coirections  were  applied  to  the  data  for  wind-tunnel  wall 
interference  because  the  investigation  was  primarily 
concerned  with  changes  in  aerodynamic  characteristics  doe 
to  the  vortex  generators. 

2.2  Test  coaditioai 

Unless  otherwise  stated,  the  tests  were  performed  at  a 
free-stream  speed  of  6lm/s.  The  corresponding  nominal  test 
Reynolds  number  based  on  rhe  geometric  mean  chord  of  the 
wing.  R.  and  the  Mach  number.  M,  are.  respectively. 
3.9  x  10*  and  0.1  it.  The  frcc-stream  speed  was  chosen  on 
the  basis  of  observations  of  Rcynolds-numbcr  effects  on  the 
flow  to  be  discussed  in  Section  3.1.  The  range  of  angles  of 
incidence,  a,  tested  was  between  8*  and  18°.  the  angle  of 
incidence  being  the  angle  between  the  free-stream  dlcction 
and  the  body  axis  (Fig  3b).  Force  and  pressure 
measurements  were  made  at  intervals  of  1°  for  angles  of 
incidence  between  8°  and  10°.  reducing  to  intervals  of  0.25° 
at  higher  angles  of  incidence.  A  number  of  surface  oil-flow 
visualisations  were  made  at  angles  of  incidence  between  13° 
and  18°. 

2-3  Presentation  of  dntn 

Data  for  overall  forces  are  presented  in  the  form  of  axial  and 
normal  force  coefficients.  Here  axial  and  normal  force 
coefficients  are,  respectively,  taken  positive  in  the  x  and  z 
directions  (Fig  3b).  Unless  otherwise  stated,  overall  forces 
are  obtained  from  the  mechanical  balance.  The  effects  of 
the  WVG's  on  overall  forces,  local  forces  and  the  axial  shift 
of  the  point  P  arc  presented  as  increments  and  are  indicated 
by  the  symbol  A. 


‘  fhe  wires  were  always  downstream  of  any  laminar  ihori  bubbles 
I  knee  the  only  way  lhat  the  wires  could  base  influenced 
boundary-layer  transition  was  by  an  upstream  effect  on  wing 
pressure  distribution  However,  the  indications  from  pressure 
measurements  were  that  this  effect  is  negligible 


3  RESULTS  AND  DISCUSSION 
3.1  Boaic-wtag  flows 

As  noted  earlier,  the  main  aim  of  the  present  study  was  to 
investigate  the  influence  of  wire  voitex  generators  on  the 
aerodynamic  characteristics  of  the  wing.  However,  it  was 
appreciated  that,  even  at  low  speeds,  the  performance  of  the 
devices  might  depend  on  the  type  of  flow  over  the  wing  and 
that  the  flow  in  the  wind  tunnel  might  differ  from  that  at 
higher  Reynolds  numbers,  typical  of  those  in  flight  For  this 
reason,  the  flow  over  the  basic  wing,  ic  the  wing  without 
control  devices,  was  studied  over  a  range  of  wind  speeds  up 
to  s  value  close  to  the  maximum  available  in  the  wind  tunnel. 
The  change  in  the  aerodynamic  behaviour  of  the  wing  with 
wind  speed  is  illustrated  in  Fig  3.  in  which  axial-force 
coefficient  is  plotted  against  Reynolds  number  based  on 
geometric  mean  chord,  R,  (and  Mach  number,  M)  for  three 
angles  of  incidence.  Between  the  Reynolds  numbers  2x10* 
and  3  x  1U*.  there  is  a  rapid  change  in  axial  force  coefficient 
with  Reynolds  number,  but  at  higher  wind  speeds  the 
variation  is  more  gentle.  There  are  good  reasons  for 
believing  that  the  rapid  change  is  due  to  the  variation  in 
Reynolds  number  rather  than  to  changes  in  free-stream  Mach 
number  (between  0.10  and  0.1*).  Calculations  of  the  local 
Mach  number  of  the  flow  component  normal  to  the  leading 
edge,  using  measured  pressure  distributions,  indicate  that  this 
Mach  number  is  less  than  0.3  in  the  corresponding  speed 
range,  suggesting  that  compressibility  effects  are  likely  to  be 
of  secondary  importance  to  those  due  to  Reynolds  number. 
Rapid  changes  of  flow  over  a  range  of  Reynolds  number 
based  on  leading-edge  radius  similar  to  that  of  the  present 
wing  have  been  found  in  the  wind-tunnel  ;  „y  of  a 
swept-panel  wing’  of  sweep  60°  and  also  on  wings  with 
high-lift  devices'. 
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Examination  of  surface  oil  flows  (Fig  J)  provides  an 
explanation  for  this  change.  At  Reynolds  numbers  above 
about  3  x  10*,  the  mechanism  for  leading-edge  separation  at 
the  point  P  is  tuibulent  separation,  possibly  just  downstream 
of  (turbulent)  reattachment  of  a  ’short’  bubble.  This  is  the 
type  of  flow  described  hi  the  Introduction.  At  lower 
Reynolds  numbers,  on  the  other  hand,  the  mechanism  for 
flow  breakdown  at  'P'  is  the  bursting  of  the  laminar 
separation  bubble  at  the  leading  edge,  indicated  in  the 
surface  oil  flows  by  a  concentration  of  oil  near  the  leading 
edge.  This  type  of  flow  would  be  expected  to  be  much  less 
sensitive  to  the  control  of  the  flow  upstream  of  the  tuibulent 
separation  line  than  the  flows  at  higher  Reynolds  number, 
and  limited  studies  of  the  effect  of  a  WVG  over  the  range  of 
wind  speeds  considered  confirmed  this.  Thus,  in  what 
follows,  results  are  presented  for  flows  with  turbulent 
leading-edge  separation  at  the  wind  speed  6lm/s, 
corresponding  to  a  mean  chord  Reynolds  number  of 
3.9  x  10*  and  a  Mach  number  of  0.1*. 

J2  Effect  of  single  devices 

3.2.1  Flow  near  the  wire 

The  use  of  conventional,  vanc-type  vortex  gen  era  tors  to 
contrul  boundary'  layers  on  wings  is  well  documented’. 
These  generators  arc  designed  to  protrude  outside  the 
boundary  layer  with  the  aim  of  transferring  high  energy  air 
in  the  inviscid  flow  into  the  lower-energy  flow  within  the 
boundary  layer.  The  trailing  or  streamwisc  vortkity  that 
promotes  this  mixing  is  generated  in  the  same  way  that  a 
wing  creates  trailing  vorticity,  te  by  generating  circulation 
around  streamwisc  sections.  Since  a  large  part  of  this  type 
of  device  lies  in  the  high  dynamic-pressure  flow  outside  the 
boundary  layer",  a  significant  drag  penalty'  is  caused.  In 
contrast,  sub  boundary-layer  vortex  generators  are,  typically, 
buried  within  about  20%  of  the  boundary-layer  thickness, 
where  the  velocity  deficit  is  greatest  Consequently,  they 
have  a  much  lower  parasitic  drag  than  that  of  vane  vortex 
generators,  but  they  are  still  effective  in  transferring  energy 
from  the  outer  regions  of  the  boundary  layer  to  the  low 
energy  regions  near  the  wing  surface".  Sub  boundary-layer 
vortex  generators  arc  placed  too  deep  within  the  boundary 
layer  to  create  circulation  effectively;  instead,  they  provide 
trailing  vorticity  byconversion  of  boundary-layer  vorticity". 

The  application  of  vortex  generators  has.  up  to  present, 
mainly  been  to  the  control  of  separation  on  wings  of  low 
sweep.  As  far  as  the  authors  are  aware,  no  research  has 
been  published  on  the  use  of  vortex  generators  to  control 
separations  on  highly-swept  wings.  For  flows  of  this  type, 
additional,  and  arguably  more  important,  flow  mechanisms 
have  to  be  taken  into  consideration.  An  illustration  of  such 
a  mechanism  is  provided  by  Fig  6,  which  shows  a  view  of 
a  surface  oil  flow  and  a  sketched  interpretation  in  the  near 
region  of  a  WVG.  Here,  the  wire  is  of  diameter  O.JImm. 
which  is  slightly  larger  than  the  (calculated)  displacement 
thickness  of  the  boundary  layer  just  upstream  of  the  wire. 
Thus  the  device  is  well  within  the  boundary  layer.  The  flow 
around  the  wire  is  complex,  with  a  topology  that  is  difficult 
to  intetpret  However,  one  important  feature  of  the  flow  that 


is  readily  evident  is  the  ’scarf  vortex  wrapped  around  the 
nose  of  tne  wire.  This  vortex  results  from  the  conversion  of 
boundary-layer  vorticity  into  vorticity  which  is  parallel  to  the 
local  streamwisc  direction,  as  implied  above.  The 
mechanism  for  effecting  this  change  is  separation  of  the 
boundary  layer  just  upstream  of  the  nose  of  the  wire. 


■  arpratation  of  Row 


Fig  6  Surface  llow  close  to  wire  showing  its  effect  on  flow 
approaching  separation  line 

As  shown  in  Fig  6,  the  wire  is  at  incidence  ro  the  local  flow 
so  that  the  part  of  the  ’scarf  vortex  on  the  ke  side  of  the 
wire  is  much  stronger  than  that  on  the  windward  side,  and  it 
is  the  lee-side  vortex  that  has  the  dominant  effect  oo  the  flow 
further  downstream.  Therefore  it  is  reasonable  to  suppose 
that  the  strength  of  this  vortex  depends  on  tire  angle  between 
the  wire  axis  and  the  local  flow  direction  within  the  boundary 
layer.  This  vortex  alters  the  flow  beneath  it  both  in  the 
direction  normal  to  and  along  the  separation  line  further 
inboard,  as  illustrated  schematically  in  Fig  7.  The  sense  of 
the  vortex  is  such  that  it  increases  the  velocity  of  the  flow 
toward  and  just  upstream  of  the  separation  line,  while 
reducing  the  velr.eity  of  the  flow  along  the  separation  line. 
The  effect  of  this  is  to  displace  the  separation  downstream  it 
a  given  spanwisc  position  by  a  significant  amount,  typically 
up  to  about  1%  of  centre-line  chord.  This  shift  results,  in 
ram,  in  a  downstream  displacement  of  the  point  P.  with  the 
consequences  referred  to  cbove  and  to  be  discussed  in  detail 
below. 
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Fig  7  Sketches  illustrating  explanation  for  effect  on  wire 
on  flow  approaching  separation  line 

Sub  boundary-layer  devices  use  various  ways  to  convert 
boundary-layer  vortkity  into  stream  wise  vorticity.  The 
mechanism  described  above  for  the  WVG’s  is  somewhat 
different  from  that  of  sub  boundary-layer  devices  of  die 
Kuethe  type",  in  which  a  wave  element  diverts  the 
boundary-layer  vorticity.  or  of  the  Wheeler  type",  in  which 
separation  of  the  flow  over  an  aft  face  appears  to  alter  the 
direction  of  the  vordcity.  Usually,  devices  of  Oils  type  are 
arranged  so  that  they  generate  a  vortex  pair  of  more  or  less 
equal  strength,  in  contrast  to  the  dominant  lee-side  vortex  of 
the  present  device. 

In  some  respects,  the  action  of  a  WVG  is  similar  to  that  of 
a  fence  in  that  the  device  reduces  the  boundary-layer  drift 
towards  the  outer  wing.  However,  fences  alter  nearby 
pressure  distributions  by  means  of  the  'reflection  effect'", 
off-loading  the  wing  and  starting  a  r.ew  boundary  layer 
outboard  of  the  fence,  while  diverting  the  l  oundary  layer 
just  upstream  of  the  fence  in  the  downstream  direction". 
Such  an  effect  must  surely  be  negligible  for  sub 
boundary-layer  devices  such  as  WVG's.  Mabry  et  al"  noted 
that  small  fences  and  notches  could  have  significant  effects 
on  unsteady-flow  characteristics  However,  the  wire  devices 
discussed  in  this  paper  are  much  smaller,  as  a  proportion  of 
wing  mean  chord,  than  those  studied  by  Mabey  ,<nces 
have  been  tested  on  an  uncambcred  delta  wing  with  round 
leading  edges  of  60“  sweep  by  Johnson  and  Rao"  and  Rao 
and  Johnson",  but  their  devices  are  r-j<h  larger  than  those 
considered  here  and  presumably  have  significantly  higher 
oarusitic  drag  ihvi  WVG's. 

SJJL  Effect  oa  overall  flow 

Fig  8  shows  tint  the  effect  of  a  single  wire  at  x.  -  0.452  on 
normal-force  coefficient,  axial-force  coefficient  and  the  axial 
position  of  the  point  P.  The  increments  in  normal  and 


axial-force  coefficients  are  determined  both  from  balance 
measurements,  with  the  precision  shown,  and  from 
appropriate  integration  of  pressures  measured  on  the  wing. 
The  figure  indicates  that  the  agreement  between  the  two 
methods  is  good,  particularly  for  ax  id  force,  which  is  a 
consequence  of  concentrating  the  orifices  near  the  leading 
edge,  is  noted  before.  The  effect  of  the  WVG  is  to  reduce 
both  normal-force  and  axial-force  coefficients  significantly 
over  the  range  of  angles  of  incidence  12“  to  16.5*.  Fig  S 
reveals  a  generally  satisfactory  correlation  between  the 
downstream  shift  of  point  P  and  the  reductions  in 
normal-force  coefficient  and  axial-force  coefficient  (or 
increase  in  leading-edge  thrust).  In  particular,  there  is  a  good 
correlation  between  the  respective  ranges  of  angle  of 
incidence.  Thus  the  reductions  in  force  coefficients  are 
entirely  consistent  with  the  tendency  for  the  WVG  to  increase 
the  region  of  the  wing  over  which  the  leading-edge  flow  is 
attached.  This  change  has  the  effect  of  reducing  the 
‘non-linear'  normal  force  associated  with  leading-edge  vortex 
flows  and  of  increasing  leading-edge  thrust  However,  there 
are  subtle  differences  which  need  to  be  understood,  as 
follows 

i)  Both  the  nomul  and  axial-force  curves  have  two  minima, 
one  at  a  *  14“  and  the  other  at  a  -  15.5*,  whereas  the  curve 
of  Ax,  against  angle  of  incidence  has  only  one  maximum  at 
a  -  15*. 

ii)  The  maximum  reduction  in  axial  force  oecuts  at  die 
turning  point  with  the  higher  angle  of  incidence. 


Fig  8  Eflict  of  single  wire  (x»  »  0.452)  on  overall  force 
coefficients  and  axial  position  of  point  P 


•  • 


11*7 


Explanations  for  these  differences  are  suggested  in  the 
following  two  figures.  Fig  9a  shows  the  variation  whit 
angle  of  incidence  of  increments  in  local  normal  forte, 
Ac,s/s..  and  local  axial  force,  Ac,s ltm.  These  increments  are 
deduced  from  pressure  distributions  at  the  pressure 
measurement  stations.  Here  c,  and  c,  are  local  normal  and 
axial-force  coefficients  based  on  local  wing  semi-span;  s  is 
local  wtng  semi-span  and  s„  t3  geometric  mean  semi-span  of 
the  wing  (in  both  cases  made  non  dimensional  by  eentre-line 
chord  c,).  Abo  shown  arc  the  loci  of  the  point  P  for  the 
wire  on  and  v.iie  off  cases.  In  the  region  to  the  left  or 
above  the  *>  ire-on  locus,  the  leading-edge  flow  with  control 
is  attached. 


while  to  the  right  or  below  it  is  separated.  Fig  9a  shows  that, 
in  die  former  region,  there  are  reductions  in  axial  force  or 
leading-edge  thrust,  as  expected.  Similarly,  there  art 
reductions  in  normal  force.  Depending  on  angle  of  incidence, 
contributions  of  similar  or  even  greater  magnitude  compared 
to  those  m  the  attec  bed-flow  region  are  apparent  in  the 
separaied-flow  region.  Thus,  by  shifting  the  point  P 
downstream,  the  WVG  changes  the  character  of  the  separated 
flow  downstream  of  point  P  in  such  a  way  as  to  increase 
suctions  on  forward-facing  surfaces  of  the  wing  and  hence  to 
increase  Ihe  thrust 
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Fig  9  Loci  normal  and  axial  forces  and  analysis  of  overdl  forces,  single  wire  x.  «  0.452 
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Fig  9b  tfc)  shows  that  Ae  two  loci  of  the  point !’  merge  it 
x  -  0.4S.  ie  eloso  to  where  At  wire  is  situaHd.  In  other 
words,  the  wire  coses  to  be  eflfcejive  once  it  a  downttnram 
of  dye  point  P.  or,  more  precisely  perhaps.  downstream  of 
Ac  separation  line  S.  its  might  be  opened  from  the 
disctcMioo  re  Section  12.  The  loci  also  merge  it  *  »  0.87: 
this  point  is  upstream  of  the  treeing  edge,  where  it  regb:  be 
expected  to  be.  because  the  Row  at  Ac  highly-swept  leading 
edge  ia  Ah  region  is  dominated  by  local  conditions  ruber 
than  those  further  upstream. 

By  integrating  the  focal  pressure  forces  oier  tftc  pan  of  (he 
wing  where  the  fcading-edge  How  b  attached,  it  is  possible 
to  analyse  the  relative  contributions  cT the  attached-flow  and 
separated-flow  regions  with  Ac  wire  oft  The  result  is 
shown  in  Fig  9b.  The  attached- flow  region  provides  most 
of  the  normal  force  coefficient  but  only  a  small  part  of  Ac 
axial-force  coefficient.  This  implies  Axt  the  major  part  of 
the  overall  increase  ia  leading  edge  thmsi  comes  from  a 
reorganisation  of  the  separated  flow  so  that  is  increases 
suctions  on  the  forward  facing  surfaces  on  the  drooped 
leading  edge.  This  is  an  important  result,  since  it  implies 
that  A:  observed  increments  in  leading-edge  Arose  are 
conditional  on  the  wing  having  significant  forward-faring 
regions  on  the  upper  surface  near  the  leading  edge.  Thus  an 
uncambercd  wing  of  Ac  same  plmform  and  A  iciness 
distribution  would  not  provide  the  scope  for  such  Urge 
increases  in  leading-edge  thrust  Fig  9b  shows,  furthermore, 
ilul  Ac  undulations  in  Ac  curves  of  the  attached-flow 
contributions  are  much  less  obvious  than  Aose  in  the 
corresponding  overall-force  turves,  particularly  for  axial 
force,  fhb  suggests  that  the  mam  reason  for  Ac  undulations 
is  changes  in  the  nature  of  the  effect  of  Ac  WVG'i  on  the 
sepirated-flow  region  wah  angle  of  incidence.  Thu 
suggestion  is  reinforced  by  the  fact  there  are  no  undulations 
(or  even  inflexions)  apparent  in  Ae  curve  of  Ac  axial-shift 
in  the  point  P  against  angle  of  incidence  (Fig  5)  This  kaas 
to  a  possible  explanation  as  to  why  the  reduction  in  asbi 
force  coefficient  u  larger  a.  a  “  15.5'  than  at  a  -  14*  at  the 
higher  angle  of  incidence  a  large;  part  of  the  Urutcig  edge 
has  separated  flow  Aas  at  the  lower  angle  of  incidence, 
hence  Ae  scope  for  increasing  Ac  thrust  u  greater  at 
a  •  15.5’  than  at  a  «  14* 

Further  in  formation  on  Ae  change  m  die  eiTeel  of  Ac  WVG 
between  the  attached-flow  and  scpanWd-flow  teg  was  is 
illustrated  by  pressure  distributions  a  the  station  x  •  0.705 
for  a  *  M’  and  a  *  T  3.5"  in  Figs  10  a&b.  Results  are 
shown  for  ptess  of  Untie  grossest  cceCtcrent.  0,.  against 
im-dirocnsioflat  spar.wise  position  rjs/s.  «  yh^.  and  nf 
C.<rds/dt  against  aih,.  where  i  is  non-disnenstotul  ordinate 
of  the  wir.g.  Integration  of  Ae  first  plot  provides  toe*! 
normal  force  while  integration  of  Ac  second  graph  provide: 
a  major  ecu  tribunal  to  local  axial  force".  For  a  -  14* 


"  For  a  conical  wing  AH  integral  provides  Ar  evict  value  of  h-cat 
axld-fbccc  coefficient,  for  Ail  nradyeiwicil  wmg  Ae  errar 
obtained  by  tobig  cnly  At.  turn  to  determine  Ac  change  in  Seal 
axial-force  cocffiocor  due  to  the  WVG’s  ts  leu  Ann  10%  fee  Ar 
two  cases  shown. 


(Fig  10a).  the  WVG  changes  the  fault  leading  edge  flow 
Irons  separated  to  attached  (as  may  be  seen  in  Fig  9a).  For 
a  »  15,5"  (Fig  1 0b).  Ae  leading-edge  flaw  rcnisinj  separated. 
Here  Ae  beneficial  effect  of  the  WVG  A  reorganising  the 
separated  flow  to  give  increased  leading-edge  thrust  (with 
liaie  charge  ia  local  normal  force)  is  seen  clearly. 


Fig  10  Pressure  Distributions  at  x  “  0.705  Seigle  wire  at 
X,  •  0.45  c 


32  Multiple  wires 

It  is  reasonable  to  suppo- :  that,  ts  Ac  number  of  WVG't  on 
the  wing  is  increased,  the  downstream  shift  of  "P"  and  the 
resulting  increase  in  ieudmg-cdge  thrust  breoroea  huger 
However,  the  mutual  interference  between  the  WVG  .<  has  to 
be  taken  inss  account  Fig  II  literates  a  source  of 
favourable  interference,  which  has  an  anpoasoi  bearing  ers 
Ae  effectiroress  of  multiple  tfeviccx  The  figure  ilwwj.  plots 
of  Ae  reduction  A  overall  axial-force  coefficient  arxd  Ae  shift 
in  Ae  axial  position  of  I1',  respectively,  fix  single  WVG’s  »f 
v.  •  0J7  aid  0  45  a»d  for  two  iScveex,  one  at  cacti  of  these 
positions.  For  u  “  I  ft  J*  it  is  seen  that  t be  combined  effects 
ef  two  devices  ss  greater  than  the  sum  of  Ae  letdivtdaM 
contributions  both  ti  terms  of  Ae  magnitude  of  Ae 
ixial-fcsree  iseremerr  and  Ae  dowsstfra.v,  shift  of  'P'  A 
ingle  device  at  x»  *  0.45,  Cast  A.  has  no  :  fleet  on  At  Row, 
aid  ihe  sketch  at  lie  bottom  nf  Ae  figure  shows  Lb  at  Ais  is 
because  An  ter'-t  is  downstream  of  Ae  separation  ".me  S, 
fhe  single  dcvi.e  at  x,  ■»  0  37  (Case  B).  on  the  other  hand, 
is  upstream  of  the  separation  lint  and  consequently  moves 
Ass  Uoe  and  Hie  point  P  downstream.  This  movement  is 
tufSciemJy  large  to  ensure  that  a  second  device  pbiced  at 
X.  -  04J  then  becomes  effective  (Case  C)  end  continues  to 
be  effective  over  on  iocteased  range  of  angle  of  tnridenet. 
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Fig  1 1  The  influence  of  one  wire  on  another 


A  further  favourable  consequence  of  increasing  the  number 
of  wires  is  that  the  maximum  reduction  in  axiaf-forct 
coefficient  is  increased.  The  curve  with  two  peaks  for  the 
.tingle-wire  at  x,  •*  0.45  is  replaced  by  a  curve  in  which  the 
peak  at  the  higher  angle  of  incidence  has  virtually 
overwhelmed  the  peak  at  the  lower  angle  of  incidence,  the 
latter  being  replaced  by  an  inflexion  in  the  curve.  For  the 
two-wire  ease,  the  peak  vahre  in  leading-edge  thrust  occurs 
at  a  higher  angle  of  incidence  than  drat  for  the  peak  value  in 
the  axial  shift  of  point  P.  A  study  of  local  forces  similar  to 
that  described  in  Section  3.2.2  shows  that  these  observations 
can  be  explained  by  the  increased  contribution  of  two  wires 
to  leading-edge  thrust  in  the  scparaaed-llow  region  compand 
with  that  of  the  single  win.  As  with  the  single  win,  the 
main  contribution  to  leading  edge  thrust  comes  from  the 
effect  of  the  wins  on  the  asperated- flow  region.  However, 
for  angles  of  incidence  below  16*.  the  contribution  from  tb: 
attached-flow  region  b  significantly  higher  for  two  wires 
than  fer  Ac  single  wire. 

There  b  a  suggestion  in  Fig  1 1  of  an  advene  interference 
between  the  two  wires,  insofar  as  the  maximum  value  of  the 
downstream  shift  of  point  P  for  two  wires  b  less  than  the 


sum  of  the  shifts  of  the  two  individual  wins  at  the  same 
angle  of  incidence.  On  the  other  hand,  the  maximum 
reduction  in  axial-force  coefficient  for  the  two-wire  case  b 
greater  than  the  sum  of  the  corresponding  contributions  of  the 
single  wires  at  the  same  angle  of  incidence.  This  emphasises 
that,  overall,  there  are  benefits  from  increasing  the  number  of 
WVG’s. 


Fig  12  Ratio  of  6CJ£JCt  versus  angle  of  incidence 

It  b  interesting  to  study  the  ratio  AC/ACP  which  provides  a 
measure  of  the  efficiency  of  the  devices  in  converting  the  loss 
in  normal  force  to  a  gain  in  leading-edge  thrust.  According 
to  Polhatnus*  leading-edge  suction  analogy",  this  ratio  has 
the  value  0.5  for  an  uncambcred,  untwisted  wing  of  zero 
thickness  and  of  leading-edge  sweep  60*.  The  variation  of 
this  ratio  with  angle  of  incidence  for  various  wire 
configurations  b  shown  is  Fig  12.  which  indicates  that,  for 
cach  wire  configuration,  the  ratio  increases  with  angle  of 
incidence  in  a  roughly  linear  way.  being  less  than  0.5  a;  low 
values  of  angle  of  incidence.  Possible  reasons  for  this  trend 
are  as  follows.  Since  the  wing  has  round  leading  edges  and 
b  cambered,  regions  of  the  leading  edge  where  the  flow  b 
separated  will  provide  some  thrust  This  b  particularly  true 
at  the  Sow  end  of  the  angle  of  incidence  range  where  the 
'centre  of  area’  of  the  separated  vortex  sheet  b  relatively 
dose  to  the  leading  edge.  Thus,  without  control,  there  are 
suctions  oa  forward-facing  parts  of  the  wing  in  the 
separated- flow  region,  implying  a  significant  thrust  from  thb 
region.  Hence,  in  thb  range  of  angle  of  incidence,  changing 
the  leading-edge  flow  from  separated  to  attached  by  WVG’s 
does  not  yield  the  benefit  predicted  by  Polhamus'  analogy, 
which  b  based  on  die  idea  dial  there  is  zero  leading-edge 
thrust  in  the  scparaied-Oow  condition.  It  has  already  been 
shown  that,  it  higher  angles  of  incidence,  WVG’s  reorganise 
the  separated- flow  region  downstream  of  the  point  P. 
changing  it  from  one  with  the  'centre  of  area’  of  the 
separated  vortex  sheet  well  inboard  to  another  where  thb 
centre  b  close  to  the  forward-facet*  part  of  the  wir.g  surface. 
Thr  seems  lo  explain  why  the  factor  exceeds  the  value  given 
by  Polhamus'  analogy  st  high  angles  of  incidence. 
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a)  Lift  coaffldanr  vars-us  an**  ot  ktddanet 


M  Lift  drag  factor  varou*  tit  cooffldonf 


Fig  13  Effect  of  vinous  wire  configunacns  on  lift 
coefficient  od  lift-dependent  drag  factor 

Up  to  this  point,  the  discussion  his  concentrated  on  ixial 
ind  normal  force  increments.  However,  the  aircraft  designer 
is  more  concerned  wfch  changes  of  lift  at  constant  angle  of 
incidence,  drag  at  constant  lift  and  pitching  moment  also  at 
constant  lift.  Changes  in  lift  coefficient  at  a  given  angle  of 
incidence  ate  shown  in  Fig  13a  for  various  wire  sets. 
Reductions  in  the  lift  dependent  drag  factor 
AK «  ACqtAJCJ  ate  shown  as  a  percentage  of  the 
lift-dependent  drag  factor  of  the  datum  (wire-off) 
coafiguntic'  in  Fig  13b  plotted  against  lift  coefficient  for 
the  same  wire  sets  as  Fig  13a.  The  maximum  reduction 
occur  at  a  lift  coefficient  cf  about  0.6  for  all  wire 
configurations,  and  the  largest  reduction  of  all  the  wire 
configurations  shown,  of  approximately  16%.  is  obtained 
with  23  wires.  This  is  »  significant  reduction  and  suggests 
the  potential  for  improvement,  by  the  ase  of 'WG’s.  in  the 
subsonic  manoeuvre  performance  of  combat  aircraft  with 
highly-swept  wings.  Fig  13b  also  shows  ftal  the  tffect  of 
increasing  the  number  of  wires  from  2  and  23  is  to  increese 
the  range  of  lift  coefficients  by  about  0.1  over  which  the 
WVG’s  are  effective  in  reducing  drag. 

The  influence  of  the  WVG’s  on  pitching  moment  b 
illustrated  in  Fig  M,  where  pitching  rooctent  coefficient,  C„. 
lias  had  subtracted  from  it  a  term  that  is  linearly  dependent 
on  lift  coefficient,  in  order  to  obtain  a  scale  which  shows  the 
small  increments  clearly.  The  reduced  pitching  moment 
coefficient,  C„\  of  the  datum,  no-wite  ease  b  seen  to  be 
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Fig  14  Effect  of  wire  vortex  generatorc  on  pitching  moment 
-  lift  curve 

close  to  zero  between  the  lift  coefficients  0.4  and  0_55  but.  at 
higher  lift  coefficients,  there  b  4  pronounced  pitch  up  as  the 
separated-fiow  region  moves  upstream.  The  effect  of  the 
wares  b  to  increase  the  value  of  lift  coefficient  at  which  this 
in-rease  in  pitching  moment  occurs,  thb  value  increasing 
with  number  of  wires  up  to  23.  Similar  effects  have  been 
observed  with  fences" 

Since  no  measurements  were  made  of  unsteady  forces  on  the 
model,  it  b  not  possible  to  show  die  effect  of  WVG’s  on 
buffet  charactcrisrics.  However,  since  the  wires  have  been 
shown  to  reduce  (he  extent  of  leading-edge  separation,  it  is 
probable  that  they  will  exert  a  favourable  effect  on  wing 
buffet  characteristics1’,  delaying  the  light  buffeting  criterion 
to  higher  lift  coefficients.  However,  the  moderate  and  heavy 
buffeting  critaia  will  probably  be  unaltered. 

4  IMPLICATIONS  FOR  AIRCRAFT  PERFORMANCE 

The  discussion  of  the  implications  of  the  present  study  of 
WVG’s  Ssr  combat-aircraft  performance  starts  with  a  bricf 
review  of  the  influence  nf  Reynolds  number.  The  roost 
important  changes  with  Reynolds  number  arc  likely  to  be 
those  due  to  changes  in  boundary-layer  thickness  (relative  to 
write  diameter)  and  to  changes  in  the  cross- flow  velocities  in 
the  boundary  layer.  The  former  determines  the  degree  to 
which  the  WVG  b  submerged  within  file  boundary  layer, 
while  the  latter  decides  the  effective  angle  of  the  axis  of  the 
device  to  the  direction  of  the  oncoming  boundary-layer  flow. 
Changes  in  boundary -Uyer  thickness  with  Reynolds  number 
arc  difficult  to  predict  owing  to  the  vans  ion  in 
boundary-layer  state  near  the  leading  edge’.  However,  the 
indications  of  limited  experiments  on  the  effect  of  wire 
diameter  on  a  given  flow  (not  presented)  arc  that  changes  in 
boundary-layer  thickness  for  a  given  wire  diameter  will  not 
have  a  significant  effect  on  the  performance  of  WVG’s 
provided  the  wire  b  not  wholly  submerged  in  the  viscous 
sub-layer  at  wind-tunnel  scale.  Similarly,  experiments  on  the 
effect  of  wire  angle  (also  not  presented)  suggest  that  changes 
in  boundary-layer  cross  flow  are  unlikely  to  influence  the 
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characteristics  of  WVG's  noticeably.  Thus,  as  fa:  as  scale 
e fleets  are  concerned,  wind-omnel  tests  may  reasonably  be 
used  to  optimise  the  sue  and  orientation  of  WVG’s  provided 
that  low  Reynolds  e  Poets  associated  with  bubble  bunting 
are  avoided,  as  in  the  present  study. 

Since  the  present  tests  were  performed  at  low  speed,  it  it 
worthwhile  to  speculate  <s  to  how  the  effects  of  WVG’s  at 
Mach  number >  representative  of  subsonic  manoeuvre  (eg 
Case  B,  Ftg  I)  might  differ  from  those  described  here.  One 
change  is  that  the  flow  close  to  the  leading  edge  will 
become  supercritical  at  high  subsonic  speeds,  with  the 
further,  strong  possibility  of  a  shod:  wave  downstream 
This  shock  wave  may  cause  turbulent  separation.  depending 
on  its  strength,  and  therefore  may  determine  the  position  of 
the  turbulent  separation  line  S,.  Further  studies  arc  therefore 
desirable  to  investigate  (he  arrangement  of  WVG’s  to  jive 
best  performance  at  high  subsonic  speeds.  It  is  possible  that 
the  turbulent  separation  on  the  upper  surface  may  no  longer 
hive  a  role  in  controlling  the  leading-edge  separation. 
However,  tests  made  at  high  subsonic  Mach  numbers  on  the 
datum  wing  suggest  that  this  is  unlikely  to  be  the  case*. 
These  tests  showed  that  flows  with  a  part-span  leading -edge 
separation  are  also  sensitive  to  small  excrescences  at  high 
Reynolds  numbers  (tn  this  case  caused  by  small  cover  plates 
near  the  leading  edge). 

The  benefits  of  WVG’s  described  in  this  paper  have  to  be 
set  against  possible  parasitic  drag  pmslucs  in  high-speed 
dash  or  manoeuvre  conditions.  Here  parasitic  drag  is 
defined  as  the  drag  of  the  W/G  or  WVG's  b.  the  presence 
of  the  wing.  Such  penalties,  it  might  be  argued,  could  be 
especially  severe  for  multiple-wire  configurations.  In  order 
to  obtain  an  indication  of  the  parasitic  drag  penalties  ot  die 
wires,  calculations  have  been  cade  for  the  following  cases. 

1) Sopm*mk  manoeuvre  at  the  Tropepsasc  (flight  leak) 

M  -  IJ.  q  -  OX  R  -  36  x  10*  (Case  A,  Tig  1) 

2)  Sakseok  dash  al  sea  level  (flight  leak) 

M  -  OA  Q  -  0  I.  R  -  100  X  10*  (Case  D.  Fig  1} 

3)  Low-speed  taaaocavrc  (wiwd-tiemtel  teak) 

M  -  O.IS.  a  "  ir.  (Q  «  04).  R  -  3.9  x  10* 

4)  Lcw-cpteU  maaacsrvrt  (XeyaaHj  rsaatber  as  for  Caw 

D) 

M  -  0.18.  o  -  12*.  <CV  »  0.4).  R  -  100  x  10* 

The  fust  two  conditions  are  representative  of  those  of 
high-speed  flight  for  a  typical  delta-wing  combat  aireraft 
while  the  third  case  is  one  srodied  in  the  present 
investigation.  This  case  is  moulded  in  order  to  provide  a 
link  between  the  wnd-omne!  tneasuremena  and  calculated 
values  of  paras  •«  drag  tn  high-speed  Eight  Comparison  of 
valuer  for  die  third  and  fourth  cases  yields  an  indication  of 
Reynolds  number  effects  between  the  wad  iunnel  and  flight 


In  all  cases,  the  ratio  d/c,  (•  0.000283)  and  the  wire  angle  are 
taken  to  be  the  same  as  foe  the  wind-tunnel  tests. 
Furthermore,  the  axial  position  of  the  wire  was  taken  as  x.  - 
0.452.  In  the  calculation;  >hc  following  assumptions  have 
been  made: 

i)  Wire  vortex  generators  may  be  tested  as  individual 
elements  for  the  calculation  of  parasitic  drag. 

ii)  The  changes  in  forces  acting  on  the  wire  may  be  divided 
into  components  normal  and  parallel  to  foe  wire  axis.  Each 
of  these  ccmponena  is  taken  to  be  the  s’  me  as  that  on  a  wire 
in  a  uniform  two-dimensional  flow  with  a  velocity  equal  to 
the  appropriate  component  of  the  external-flow  velocity  of 
the  approaching  floe.  The  drag  of  the  wire  is  diets  obtained 
by  resolving  the  components  in  the  free-stream  direction. 

lii)  For  the  calculation  of  the  normxl-foree  component  end 
effects  of  the  wire  are  ignored. 

H Denver*  and.  more  recently,  Gaudct  and  Winter11  have 
provided  a  great  deal  of  data  for  the  drag  increments  due  to 
various  types  of  excrescences.  In  particular.  Gander  and 
Winter  csxre'ated  their  data  for  excrescence  drag  coefficient. 
0,0  of  a  number  of  types  of  excrescences  in  die  forc 


Hcre  C,  is  local  skin-friction  coefficient  and  the  drag 
coefficient  is  be. ud  on  the  frootai  area  =f  the  excrescence.  Ail 
the  parameters  are  based  on  flow  conditions  just  upstream  of 
the  wire,  and  friction  vclocdy 


and  viscosity  are  based  or.  wall  conditions. 

The  required  bc—tdary-ivyer  parameters  are  determined  by 
using  an  irue-,  *!  cxjstd  far  calculating  boundary  layers  cm 
infinite  swept  wtogs”.  1  'err  -oce  far  wing  taper  is  vot 
needed  bee*  s«  the  WG’s  are  close  to  the  leod-faf  edge, 
where  the  F  *  is  sir^dar  !o  that  ever  an  mlinitr  swept  uisg. 
Transitior  of  foe  bounds}  layer  on  the  wing  t,  taken  to  be 
at  for  '  aatiyeefo.  line  tot  foe  trio  high-speed  era  (I  and  2) 
and  or  the  b'gh  Reynolds  ourobe-,  lovv-s reed  ease  (If:  for 
*■  rvind-tuts-el  act  h  is  taken  to  be  at  the  tv  iu..'hn-.st  line 
of  the  short  babble,  inferred  from  oil-flow  \  ^uaSsations.  tn 
all  cases  foe  pressure  distiibult;  used  in  the  calculations 
were  obtained  fiv  wind  tunnel  tests. 

The  normal  force  of  each  wire  is  derived  (tom  data  given  by 
Gaudct  and  Winter  for  a  square  ridge,  using  the  appropriate 
component  of  velocity  and  skin  friction  Information  oe  the 
drag  of  long  excrescences  with  bhmt  noses  and  ails  is  scarce 
but  from  information  given  by  Gtsdct  and  Winter  on 
(airings,  a  value  of  unity  far  axial  farce  coefficient  based  on 
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frontal  area  ami  local  dynamic  pressure  appears  reasonable 
for  rough  estimates.  The  results  obtained  for  the  parasitic 
drag  coefficient  of  individual  wires,  Cp,,  (based  on 
free-stream  dynamic  pressure  and  wing  planform  area)  arc 
shown  in  the  table  below,  and  are  negligible. 


If  (he  parasitic  drag  penalty  of  multiple  wires  can  be  inferred 
from  these  resuits  by  addition,  it  will  remain  insignificant 
even  with  28  wires  (eg,  for  Case  4  the  penally  iCD  * 
0  00005).  Therefore  wing  high-speed  performance  should  not 
be  compromised  by  WVG's  considered  in  this  paper. 

It  is  also  worth  noting  that  the  values  of  parasitic  drag 
coefficient  for  the  two  high-speed  flight  cases  (I  and  2)  are 
much  lower  than  that  low-speed,  high  Kcynolds-number  case 
(4).  This  may  be  explained  by  the  observation  that,  at 
.ugh-speed  conditions,  the  velocity  of  the  flow  in  the 
vicinity  of  each  wire  is  "inch  lower,  as  a  proportion  of 
fret-stream  spv.J,  and  is  more  closely  aligned  with  the  wire 
axis  than  for  the  'ow  speed,  high  incidence  case.  The 
parasitic  drag  coefficient  of  the  wind-tunnel  case  (3)  is 
somewhat  lower  than  that  of  the  corresponding  high 
Rt;\'oIds-num  er  case  (4),  showing  the  adverse  effect  of 
Reynolds  nur.i'  •  in  reducing  the  thickness  of  the  boundary 
layer  compare  '  with  wire  diameter  and  hence  exposing  the 
wire  to  flows  of  higher  dynamic  pressure.  However,  'he 
value  for  the  wind-tunnel  case  (3)  is  als<  much  larger  than 
those  of  the  two  high-speed  cases.  The  value  for  Case  3 
m3y  be  compared  with  measurements  in  the  wind  tunnel. 
For  angles  of  incidence  of  12°  and  below,  the  W'G’s  are 
not  effective  in  controlling  the  flow  (see  Fig  8),  hence 
measured  increments  in  drag  coefficient  a-  low  armies  of 
incidence  pro"ide  an  indication  of  'he  parasitic  drag  penalty 
of  the  wires.  However,  the  measured  values  of  the 
increments  in  drag  coefficient  fer  a  single  wire  at  low  angles 
of  incidence  are  within  the  range  of  repeatability  of  the 
experiment  which  is  small  (±C  (Vi02).  The  same  comment 
applies  to  the  calculated  value  in  Case  3  above  and  also  to 
the  measured  and  calculated  values  fo:  28  wncs.  This 
provides  further  evidence  tha;  he  parasitic-drag  penalties  of 
WVG’s  in  high-speed  flight  are  likely  to  be  small 

The  present  study  has  other  imphcaiions  fa-  2:ghl 
performance  of  combat  aircraft  which  are  related  to 
manufacturing  to'erances  in  the  leading-edge  region  of  the 
wing  It  has  been  shown  that  smail  excrescence*  can  have 
significant  effects  on  the  force  and  pitching-moment 
characteristics  of  highly-swept  wings  at  manoeuvre 
conditions,  suggesting  the  need  for  careful  mot.itonng  of  the 
wing  shape  in  the  leading-edge  region. 


Finally,  the  present  paper  has  been  concerned  with  the  control 
of  separations  on  the  upper  surface  of  a  wing  designed 
pnmarily  for  efficient  supersonic  manoeuvre.  However, 
WVG's  may  also  prove  useful  for  wings  with  vanablc-dioop 
leading  edges  designed  primarily  for  efficient  subsonic 
manoeuvre.  Flows  over  wings  of  this  type  feature  adverse 
pressure  gradients  in  the  region  of  the  junction  of  the  droop 
and  the  main  wing,  which  possibly  will  cause  upper-surface 
separations  similar  to  those  described  in  this  paper.  These 
separations  may  also  determine  the  position  of  the  origin  of 
the  leading-edge  separation  on  the  outer  wing.  Thus  WVG’s 
may  be  useful  for  controlling  flows  over  wings  of  this  type. 


5  CONCLUSIONS 

A  wind-tunnel  investigation  intc  the  effect  of  sub 
boundary-layer  vortex  generators  on  the  flow  over  a 
cambered  delta  wing  with  leading  edges  that  are  both  highly 
swept  and  round  suggests  the  following  conclusions. 

1)  A  small,  wire  vortex-generator  placed  on  the  wing  in  the 
attached  turbulent  boundary  layer  close  to  the  wing  leading 
edge,  at  an  angle  of  16°  to  the  leading  edge  m  plan  view, 
produces  a  vortical  disturbance.  This  disturbance  is  caused 
by  the  conversion  of  boundary-layer  vorticity  into  mailing 
vorticity.  The  vortical  disturbance  controls  the 
boundary-layer  flow  toward  and  along  a  separation  line  on 
the  curved  upper  surface  of  the  wing,  movinr  that  separation 
line  downstream. 

2)  This  separation  line  effectively  intersects  or  joins  -die 
leading  edge,  so  that  a  further  consequence  of  the  control  is 
that  the  poriLon  of  tire  onset  of  leading-edge  separation  is 
shifted  downstream,  causing,  in  turn,  reduced  normal  force 
and  increased  leading-edge  thrust. 

3)  This  increased  leading-edge  thrust  arises  mainly  from  a 
reorganisation  cf  the  separated  leading-edge  flow  further 
downstream.  The  ’centre  of  area’  of  the  suctions  on  the  wing 
surface  underneath  the  separated  vonex  is  moved  towards  the 
forward  facing  parts  of  the  wing  surface. 

4)  An  increase  ir.  the  number  of  wires  enlarges  the  range  of 
angles  of  incidence  ovei  which  the  wires  are  effective  in 
increasing  leading-edge  thrust. 

5)  A  reduction  in  lift-dependent  drag  factor  of  up  to  about 
16%  is  shown  to  be  achievable  by  using  mulliple  (28)  wire 
vort.x  generators.  The  wire  configuwtion  giving  this 
reduction  should  have  an  msignificam  parasitic  drag  penalty 
in  subsonic  dash  and  supersonic  manoeuvre  conditions. 

6)  Wire  vortex  generators  delay  the  wing  pitch-up  to  a  higher 
lift  coefficient,  the  value  of  this  lift  coefficient  increasing  as 
wire  number  is  increased. 

Thus  this  paper  shows  that  sub  b<  undary-leycr  vortex 
generators  pro.ide  effec'iva  tor.tro'  of  separations  on  die 
upper  surface  of  highly-swept,  cambered  wings  for  supersonic 
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combat  aircraft,  thereby  giving  significant  improvements  in 
"'•tfomtance  at  subsonic  manoeuvre  conditions. 
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SUMMARY 

The  asln  peculiarities  of  aerodynaarlc  deil »n  of  highly 
maneuverable  aircraft  are  examined.  The  poalbtlldea  of  In  proving 
the  aerodynamic  characteristics  of  aircraft  at  high  angles  of  attack 
by  use  of  hlgh-Uft  devices  and  powtred-llft  systems  (boundary 
layer  control,  blowing  over  wing,  engine  thrust  vectoring)  are 
shown.  The  conditions  of  controllable  maneuver  at  high  post-stalled 
angles  of  attack  <a£90deg.)  are  established.  Results  of 
experimental  Investigations  cn  the  Influence  of  wing  planter*  and 
locations  of  aircraft  components  (wing,  empennage)  on  the 
longitudinal  stability  and  controllability  at  high  angles  of  attack  are 
presented.  A  comparative  analysis  of  aerodynamic  and  maneuver 
performance  of  aircraft  of  various  configurations  (conventional, 
three-surface,  canard)  la  performed. 


LIST  OP  SYMBOLS 


CL 

lift  coefficient  Increment; 

Cn 

normal  force  coefficient; 

Cj 

jet  momentum  coefficient; 

Ctr.CU  Cmd 

pilch  moment  coefficient  derivatives; 

S 

area; 

T 

from  engine  throat; 

R 

turn  radius; 

H 

altitude; 

V 

speed; 

W 

weight; 

CM 

center  of  man; 

Ctn 

control  si-rface  true  angle stuck; 

<P 

control  surface  dcliecHon  angle; 

E 

doemwaah  angle; 

\ 

time; 

nxa 

longitudinal  load  factor; 

«ro 

lifting  load  factor; 

p 

turn  rale; 

XCM 

CM  goal  lion; 

xra 

aerodynamic  center  position; 

xF 

center  of  pressure  position; 

Xs 

salting  center  position 

I.  INTRODUCTION 

Principal  requirements  currently  being  Imposed  on  advanced 
fighters  are:  Increased  radius  of  action  supersonically  and 
enhanced  maneuvering  capability  sjbeoulcally.  The  lira! 
requirement  defines  the  choice  of  aerodynamic  configuration:  a 
canard  configuration  with  a  thin,  moderate-aspect  ratio  Mng 
having  a  leading  edge  aweep  angle  of  45...J0deg.  Thll 
configuration  enxb’es  tne  supersonic  aerodynamic  efficiency  to  »e 
Increased  es  compared  lo  Ihe  conventional  two-surface 
configuration  due  to  leaser  aerodynamic  center  dLpUeement  with 
Mach  nur'erandxccord'mgly  teaser  trim  drag  penalty.  The  second 
coodlti  alls  Tor  auhaiantlaliywi tilting  theanj)e-of-auatk  range, 
that  la,  „  crating  well  beyond  a  maximum  of  20... 2 Jdej.  Inherent 
In  preceding-generation  flghlera,  since  the  conventional  means  foi 
enhancing  aircraft  lifting  eharaemtiatica  within  the  llmlla  of  iheh 
linear  variatlona  arc  practically  exhausted.  At  this  point,  hr: 
avenues  of  Invest! gatioM  can  be  set  off: 

1 )  enhancement  of  maneuvering  capabilities  wiihln  the  aohcrttical 
range  of  angles  of  stuck.  Increase  In  the  maximum  tilt  coefficient 
Clmax  and  stall  angle  of  stuck  (Flg.l)  using  pow  ed-l!f! systems 


(PLS)  for  Improving  ihe  psramelers  of  classic*!  maneuvers  bill  ty: 
lifting  load  factor  nxa,  turn  radius  R  and  rate  p, 

2)  use  of  poat-sutl  angles  of  stuck  In  manerrvering,  thatia,  reaching 
angles  of  stuck  on  the  order  of  90deg.  wtthsubsuntialiy  decreasing 
flight  speeds  <Flg.2>;  this  enables  the  aircraft  fore-and-aft  axis 
(weapon  pointing  direction)  to  be  muled  up  to  Wdeg.  relative  to 
the  flight  path  and  the  flight  direction  to  be  changed  through 
routing  the  aircraft  about  In  longitudinal  axis  at  roar-sera  forward 
speed,  that  la,  the  auperrastteuversbUiiy  to  be  realised. 

Tranaition  to  angles  of  stuck  up  to  90deg.  can  be  either  dynamic, 
that  it.  without  trimating  at  limit  points,  or  stcady-aute,  that  Is,  with 
the  tries  being  provided  it  Ot  =  90deg.  In  the  latter  case,  the  i’LS 
can  be  employed  In  the  form  ot'  Jet  controls  developed  for  VTOL 
aircraft. 

Investigations  conducted  at  the  TsAGI  have  shown  tha-  the 
indicated  potentialities  of  significantly  Improving  »«nt  uverirg 
performance  can  be  rerllrcd  either  on  the  canard  eivcrall  w!ti  a  Ull 
elevator  or  on  the  aircraft  rf  con  venttoria!  ttvo-surfaccr  onilpnatlon 
with  an  additional  horizontal  canard  (HC.  three-surface 
configuration)  1 1 ,2) .  Thus,  Uie  contradictory  requlrervcnu  being 
Imposed  on  adranesd  fighters  can  bo  met  in  the  framework  of  due 
use  canard  configuration  or  lu  virlanls. 


2. AERODYNAMICS  0?  M ANEUVERABl  E  AIRCRAFT  AT 
HIGH  SUB-STALL  ANGLE f  OP  ATTACr’ 

Flghiet  auneuvering  characteristics  r,ta  ,  R,  p  vre  the  bat  at 
angles  of  attack  30...69dcg.  andat  maximum  aerodynamic  lift.  This 
being  so,  aerodynamic  .scans  should  be  used  for  improving 
the  lifting  chcracterlstlcs  and  reducing  Ihe  required 
thrust- Kv-wtight  ratio  of  an  xlrcraf '. 

The  problem  >f  Improving  the  lilting  characteristics  of  modem 
fighters  of  conventional  two-aurfacea  configuration  at  high  angles 
of  attack  la  solved  by  uelng  adaptive  hlgh.-lift  devices  on  wing  panels 
and  their  leading  edge  extensions  (LEX) .  with  the  la  iter  generating 
ruble  vortex  Bow  over  the  wing  up  to  o0...3Sde£.  angina  of  stuck. 

T^e  Investigations  conducted  atthe  TsACT  in  the  1970s have  shown 
that  much  Ihe  same  effect  can  be  obtained  both  with  the 
conrentlcnal  (ptonounced-'uaeUge)  configuration  featuring  a 
sharp-edged  LEX  on  the  wing  and  with  ihe  so  called  InfcjraCd 
configuration.  The  basis  few  this  configuration  fc  formed  by  a  lifting 
uurface  of  a  coupler  planter*  which  combines  three  volumetric 
.  'esientt:  the  fuselage  rose  with  the  eockpitand  cqulpirentand  two 
engine  uucellea  vritit  eidr  -ring  Inlet*.  Designed  according  *>  the 
first  ji-artgemenfatc  the  nghtsrjF-16,  F-ll,YF-22,andde»lgned 
accordtig  to  the  second  oee  atv  the  fighters  MIG-29,  Stt-77, 
YF-23. 

Similar  uutactrrisilca  can  be  obtained  with  a  dose-coupled 
canard-wing  configuration.  Favorab.e  canard-wing  Interference 
allows  jbulnltif  high  lilting  charsclcristlca  and  aerodynamic 
efficiency  al  high  angles  of  stuck  and  providing  stability  and 
controUcbilify  al  aull  and  poat-sull  angles  of  stuck. 

Experimeaul  Investigations  have  shown  that  with  the  same 
area. to-wing  ares  ratio  the  lift  Increment  produced  by  the  LEX  la 
greater  Cun  put  produced  by  the  Insulted  HC  mainly  due  a  higher 
strength  of  vortices  generate -I  by  Ihe  highly  swept  LETS  (Fig..)). 
Untrt tented  valuea  of  Clmsx  for  t!-e  conventional  hro-surfacc 
configuration  with  the  LEX  are  somewhat  greater  than  (hose  for  the 
canard  configuration,  with  (helrplanform  areas  belngequat  Bulat 
Ihe  same  overall  dimensions,  taken  with  accounting  (or 
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terodynimlc  arrangement  and  cenhv-of-»a*  (CM)  portion 
considerations,  the  realized  olanfora  area  for  the  canard 
configuration  can  be  greater  than  that  for  the  conventional 
two-surface  configuration,  due  to  the  installation  of  lifting  surface 
on  ihe  rear  fuselage.  Under  these  conditions,  at  autoon*  pee  da 
untimeed  lift  value*  will  be  the  same  for  both  the  conh.  'itiona, 
while  In  the  trimmed  case  the  canard  configuration  wilt  p.  juce  the 
greater  lift. 


Lifting  characteristics  of  both  the  configurations  ern  be  enlumced 
with  the  aid  of  wing  leading  ard  trailing  edge  high -lift  devices  both 
a:  aodcrate  and  at  high  angles  of  attack  (Flj.4).  An  additional 
Improvement  of  the  lifting  characteristics  car,  be  attained  by  the  use 
of  PLSs  (5-71:  wing  leading  and  trailing  edge  boundary  layer 
control,  apanwise  axUymmelric  Jet  blowing,  thrust  vectoring  (TV) 
through  nozzle  rotations  (see  Figs.  1 ,4). 


The  ucc  of  the  powered-Ufi  systems  on  the  conventional 
configuration  fighter  allows  the  available  lifting  lead  factor  in 
subsonic  sustained  a»aneuverlng  regimes  to  be  enhanced  by 
0.6.-0.8  and  the  deceleration/acceieratlon  chsracterlatics  at 
M*O.4...0.6  to  be  Improved  considerably  (Flg.5).  The  use  of  the 
Internally  blown  flap  system  (BIC)  or  the  tpsnwise  blown  system 
on  die  wing  r/lth  deflected  flap*  is  moat  effective. 


3.  AERODYNAMICS  OF  MANEUVERABLE  AIRCRAFT  AT 
HIGH  POST  -STAU  ANGLES  OF  ATTACK 


In  Increasing  angle  of  attack  beyond  reaching  the  Chnax,  aircraft 
lifting  characteristics  decrease  and  'he  drag  continues  to  increase 
(see  Fig.  2).  As  angle  of  attack  Increases  a  lift  decreases,  the  share 
of  the  thrust  T  increases  which  enter*  as  a  component  of  resulting 
force  Into  expresalons  for  longitudinal  and  lifting  load  factors: 

_  Teas  a  “  D  _T*nCX  +  L 
nxa - •  nta 


At  very  high  angles  of  attack  <3  «70-90deg.)  In  the  wing-axis 
coordinate  r/stom  the  greater  part  of  the  aerodynamic  force  Is  the 
aircraft  drag  (norma!  forte  In  the  body -axis  system)  and  the  thru* 
substitutes  for  the  lift.  If  the  effective  power-plant  thrust  exceeds 
the  weight  of  a  fighter  It  can  fly  without  loan  of  height  ( nta  ^  1 ) 
down  to  speed*  spproaching  zero  (V  0)  whUh  creasing  angle 
of  attack  up  to  90deg.  In  doing  so,  the  radius  of  horizontal  steady 
turn  diminishes  drastically  (R  *♦  0)  Thus,  the  potentialities  of 
using  high  post-stall  angle  of  attack  In  steady  (light  arc  defined  by 
thrvt- to- wight  ratio  T/W  >  I,  aerodynamic  configuration  jnd 
measures  aimed  at  providing  .he  control  of  aircraft  and  operating 
stability  of  Its  power  plant  over  the  whole  a.gle-of-sttsck  range 
(3  ia  90deg.).  H  Is  advisable  to  conduct  the  analysis  of 
high- angle -of-attack  aerodynamics  with  the  bod)  nxls  coordinate 
system,  l.e.  using  the  normal  force  ta  a  function  of  angle  of  attack 
(sec  Flg.2).  The  function  Cn  (3)  has  three  characteristic  portions. 

1  -  linear  Increase  ir.  the  normal  force  with  angle  of  a  tuck,  which 
core*  pondenc tf  to  attached  or  steady  vertex  flow  around  the  wing; 

2  -  decrease  In  the  Increment  rate  of  !bL  norma i  force  with  angle  of 
Hteck  due  to  the  separation  onset  on  ti»e  wing  and  to  breakdown  of 
steady  vortex  fk/a  over  the  wing;  3  •  normal  force  subiiiution  as 
result  of  establishment  of  a  development  unsteady  separated  flow 
over  the  wing.  To  enable  reaching  high  post-sull  angle  of  attack  (on 
the  order  90dcgj  nt  low  subsonic  spied*,  the  aircraft  must  be  able 
to  bo  trimmed  In  the  static  conditions  and  have  a  sufficient 
pitch-down  moment  margin  over  th*  operational  sngle-of-atuck 
range. 


This  sic  ana  that  the  function  Cm  ( 3>  of  a  supersonic  fighter  must 
be  essentially  nonlinear: 

Cm3  >  0  under  til m  conditions  at  sub  stall  angles  of  attsck; 

CrnCX  ^  0  under  Mm  conditions  at  post -stsll  angles  of  attack. 

The  ne.ure  of  die  function  Cm  (CO  at  fp  =0  Is  de'eralned  by  the 
norms}  force  as  a  function  of  angle  of  attack  and  the  CM  position 
relative  to  the  normal-force  application  point  (center  of  pressure.  Xp) 


Control  surface  deflection  displaces  the  center  of  pressure  afld, 
consequently,  the  curve  Cm  (CD  in  the  pitch  up  or  pitch  down 
direction  (in  accordance  with  the  deflection  sign  and  the  position  of 
the  control  surface  relative  to  the  aircraft  CM)  by  the  value 
determined  by  control  effectiveness. 

The  cenier-of*  pressure  position  of  isolated  wings  with  low  and 
moderate  aspect  ratios  at  CL~* 90deg.  shifts  from  a  point  that 
depends  on  the  wing  planfonn  at  lowangles  of  attack  (aerodynamic 
center) ,  to  the  wing’s  center  of  area,  which  Is,  by  definition,  at  the 
50  percent  mean  aerodynamic  chord  ('sailing  center",  Xj  “  0.5, 
Fig .6)  (1,3,4).  The  smaller  are  the  wing's  sweep  angle  and  aspect 
ratio,  the  greater  b  this  shift.  The  shift  is  maximum  for  a 
(orwird-swept  wings. 

The  aerodynamic  center  of  the  wings  with  complex  ptanfonrs  at 
3*  0.  .5deg.  u  near  the  sailing  center  and  can  coincide  with  it 
(Fig.  7). 

The  moun  ting  of  a  horizon  tal  tail  or  a  canard  shifts  the  serodynamlc 
center  and  the  center  of  pressure  of  configuration  respectively 
backward  or  forward.  In  the  case  of  die  canard  the  forward  shift  of 
the  aerodynamic  center  at  3=0  is  greater  than  the 
ceoter-of-prcasure  shift  at  3  —  90deg.  The  horizontal  tail  shifts 
the  center  of  pressure  backward  greater  than  the  aerodynamic 
center  due  to  a  difference  in  the  values  of  dewnwash  at  these 
surfaces.  As  a  result  of  the  mounting  of  these  surfaces  the  distance 
between  the  points  indicated  increases  for  configurations  with 
simple  wing  plan  forms  (Fig  8). 

The  Indicated  backward  shift  of  the  center  of  pressure  and  the 
normal  f(Kce  stabilization  at  high  angles  of  attack  result  in  a 
substantial  qualitative  change  in  the  behavior  of  the  relationship 
Cm  (3)  In  the  range  of  (X  ~  0.  .90deg.  at  different  CM  positions  of 
aircraft. 

In  the  case  of  a  forward  CM  position  ( 1 )  with  the  CM  being  ahead 
of  the  center  of  pressure  (Tp)  at  zero  control  surface  deflection 
(<p~0)  (Flg.9,a),  the  function  Cm(3)  lakes  the  form  thit  is 
characteristic  of  static  stable  aircraft  (Flg.9,b).  If  for  all  angles  of 
stuck  the  slrcraf  t's  CM  remains  behind  of  the  center  of  pressure  at 
( <p  =0)  (3),  the  expression  is  characteristic  of  unstable  aircraft, 
but  the  curve  flattens  out  after  the  critical  angle  of  attack  due  to 
stabilization  of  the  normal  force  (see  Flg.9,b). 

When  the  CM  position  is  between  the  aerodynamic  center  at 
3  =ddcg  and  the  center  of  pressure  aUZ  =0  deg.  (2),  the  curve 
Cm  (CD  takes  the  characteristic  form  with  two  trim  points-unsubie 
at  low  angles  of  atuck  (Ctjrim  ~  0  at  (p  =  0  )  and  sta  Wr  at  Ugh 
ones  (see  F»g.9.b).  Such  form  of  the  function  Cm  (CD  enables 
aircraft  to  be  trimmed  at  post-stall  angles  of  attack  (Fig  10).  For 
reaching  sng’es  of  atuck  on  the  order  of  90deg.  a  overshoot  In 
angles  of  a  tuck  Is  used  beyond  the  angle  corresponding  to  the  suble 
trim  at  the  maximum  control  surface  deflection,  y^iax.  while  the 
subsequent  return  to  the  required  Girlm  Independently  of  the 
effectivene**  of  control  surfaces  Is  realized  because  of  avail  l’:y 
of  high  pilch -down  moments  owing  to  the  configuration  and  the  CM 
position. 

Thus,  the  possibility  of  safely  reaching  extremely  high  angles  of 
stuck  In  flight  depends  to  a  large  extent  on  the  relative  position  of 
the  two  characteristic  points,  namely,  the  aerodynamic  center  at 
3-  0...5deg.  and  the  center  of  pressure  at  3- 90deg..  I  e.  on  the 
aircraft's  aerodynamic  layout.  If  the  two  points  practi:ally  coincide 
(wing  with  leading  edge  kink,  see  Flgs.7  and  8),  the  choice  of  CM 
position  cannot  provide  the  nonlinear  behavior  of  the  function 
C «(3>  required  for  safely  reaching  3S390de£  To  reach 
extremely  high  angles  of  atuck,  r.n  automation  of  the  '  h- control 
channel  is  needed  with  the  necessary  provision  of  efre*dve  control 
at  angles  of  stuck  near  90dcg. 

Control  surface  effectiveness  la  determined  by  the  value  of  lift 
(normal  force) ,  depending  on  the  true  angle  of  stuck 

3*  =  3  +  y>-£ 
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According  lo  experimental  dm,  the  normal  force  on  the  horizon  hJ 
tall  or  thr.  canard  varlea  approximately  prcpordonal  lo  angle  of 
attack  up  to  ftt  **  <Odeg.  At  On  >  40drg  the  noranl  force  la 
stabilized  and,  conaequentiy,  the  control  surface  practically  loaet 
Ita  effectivenean,  bill  the  pitch  moment  vines  proportionally  to  the 
coatne  of  control  aurface  deflection  angle  (Fig.  1 1 ) : 

Cm(a,tp)  =  -k-Cn‘la&ip. 

where  k  lit  dynamic  preuure  ratio  at  control  aurface  location,  I  la  the 
arm  of  the  control-surface  normal  force. 

At  positive  deflection  the  canard  loaea  effectireataa  occurs  ct  lower 
angles  of  attack  than  the  horizontal  tall  of  the  conventional  whig-tall 
configuration  (aee  Flg.11)  di«  to  greater  downwaah  near  the 
canard.  Ihe  function  oLm\<p)  la  practically  linear  and  It  retain! 
tie  linearity  up  to  sufficiently  high  angiea  of  -attack  at  nepdve 
deflection  angiea  of  the  control  aurfscea.  Elfe-.-tlvene* -optimized 
control  la  realized  by  meats  of  an  all-roving  aurfacra  (or  tall 
elevator)  for  a  stable  aircraft  and  with  the  help  jf  the  all-moving 
canard  for  an  unstable  one.  Thus,  lo  be  trimmed,  a 
hlghly-ttuneuYerableflghleritcanard configuration  must  have  mil 
control  turfacea,  which  are  effective  at  high  angiea  of  attack.  The 
poaalbllliy  of  longitudinal  trim  ana  aafely  reaching  high  pcal-aul! 
angle!  of  attack  In  the  cant  of  convtntioaal  configuration  aircraft 
can  be  enlarged  oy  mounting  an  additional  canard  flhrer-suifacr 
configuration)  (Flg.12). 

Extremely  high  angles  of  attack  (on  the  order  of  Ofidcg.)  In  n 
dynamic  reglrre  can  be  reached  by  an  aircraft  of  canard 
configuration  with  an  elevator  at  well  tt  by  an  aircraft  of 
conventional  two-surface  configuration  and  ihree-surfacr 
configuration  with  prooerly  choaen  planfono  and  CM  pewit] or 
(Fig.  1 3). 
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CONCLUSION 

1.  For  atipe-sonlc  lighten  to  operate  at  high  pai!-sla!l  angiea  of 
attack  for  subsonic  uraneu  rering.  It  la  advantageous  to  use  a  canard 
configuration  with  t  tall  elevator  and  nozzle  vectoring  at  the  tall  or 
a  three-surface  configuration  (with  canard  and  hcrl-unlal  tail). 
The  canard  configuration  with  a  all  elevator  Is  prefr.-uWe  because 
It  provides  higher  Clmax  values  compared  to  the  conventional 
two-surface  configurations  due  V>  thrust  vectoring  and  a  higher 
trimmed  lift- lo-drag  ratio  ataupcraonlc  speed*  owing  to  the  absence 
of  trim  drag  penalty  due  lo  small  ah'fi  of  the  ae.ody  tamlc  center. 

2.  For  flgnten  not  Intended  for  prolonged  supersonic  cruae  and 
luring  oo  thrust  vectoring  system,  a  three-surface  configuration 
can  be  choaen  whose  subsonic  filling  capabilities  can  be 
substantially  Increased  by  hlgh-llfi  devices  t.nd  pjwvrred-lifl 
systems. 

3.  For  safely  resetting  extretwely  high  atig'es  of  attar*  (on  the  order 
o(  90deg.)  ihe  CM  of  aircraft  wfh  any  configuration  meat  be  located 
between  the  aerodynamic  center  as  Cf  —  0  and  the  center  of 
pressurealCC  =  90deg.  {<p  =  0 ).  The  required  relative  posltf  rns 
of  throe  points  must  te  provided  by  v  proper  choice  ef  the  wing 
planform  end  control  surface  parameters  It  Is  necersary  to  provide 
a  pitch-down  moment  margin  and  effective  nil  and  yaw  centre',  at 
ell  angles  of  alack. 
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Fig-1.  Com  bit  aircraft  aerodynaaik* 


FifJ.  Effect  of  LEa,  canard  and  ull  upon  lift  aujoermtion 
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1.  SUMMARY 

This  paper  presents  ao  overview  on  the  X-31A  (light  control 
law  design  philosophy  aod  the  technical  realization  of  the  de¬ 
sign.  After  ao  introduction  in  the  PCS  hardware  configuration 
the  basic  control  law  structure  aod  the  method  used  for  feed¬ 
back  gain  calculation  are  presented.  Several  elements  as  the 
feedforward  path,  gravity  effect  compensation,  inertial  4  gy- 
roscopic  coupling  compensation  and  the  pilot  command  sy¬ 
stem  are  discussed  in  more  detail.  Simplified  block  diagrams 
of  the  basic  flight  control  mode  in  the  longitudinal  and  late- 
raVdirectional  aais  follow,  finally  the  implementation  of  the 
thrust  vectoring  system  including  engagement  and  disengage¬ 
ment  procedure  is  shown. 

2.  LIST  OF  SYMBOLS  AND  ABBREVIATIONS 


AoA 

Angle  of  Attack 

AC 

Aircraft 

CPU 

Central  Processing  Unit 

dasa 

Deutsche  Aerospace  (former 
Messerschmitt-Bdlkow-BIohm  MBB) 

EFM 

Enhanced  fighter  Maneuverability 

FCC 

Flight  Control  Computer 

FCL 

Flight  Control  Laws 

FCS 

Flight  Control  System 

1MU 

Inertial  Measurement  Unit 

IO 

Inpu  (/Output 

LVDT 

Linear  Variable  Data  Transducer 

PST 

Postsull 

Rl 

Rockwell  Internationa] 

TV 

Throat  Vectoring 

<b 

bank  angle 

e 

pitch  attitude 

a 

angle  of  attack 

ac 

angle  of  attak  command 

0 

sideslip 

Pc 

sideslip  command 

®SF 

symrvetrical  trailing  edge  command 

8df 

differential  trailing  edge  command 

5C 

canard  command 

5r 

rodder  command 

K 

thrust  vectoring  command  yaw  axis 

o 

thrust  vectoring  command  pilch  axis 

eospeosy 

direction  cosine 

imp  cosy 

direction  cosine 

1 

performance  index 

V 

aircraft  speed 

* 

gravity  constant 

y 

"z 


P 

q 


r 


Indices 


rideforec 
load  factor 
roll  rate  body  axis 
pitch  rare  body  axis 
yaw  rare  body  axis 
pilot  command  roll  axis 
pilot  command  pitch  axis 
pilot  command  yaw  axis 


e  experimental  axis 

k  nodal  line  axis  (flight  path  axis) 

w  wind  axis 

c  command 

Vectors  and  matrices 


fi  pilot  command  vector 

y  surface  command  vector 

^  steady  stole  actuator  command  vector 

2  state  variable  vector 

v  output  .ector 

2 1  transpose  of  vector  2 

2g  vector  2  <3  time  k 

A  system  matrix 

£  input  matrix 

£  output  matrix 

jS  feedback  matrix 

£  Riccati  gain  matrix 

Q  weighting  matrix  of  performance  index 

R  weighting  matrix  of  performance  index 

X 1  transpose  of  matnx  X 

3.  INTRODUCTION 

Tie  X-J1A  pest  stall  experimental  aircraft  was  developed  to 
demonstrate  enhanced  fighter  manoeuvrability  by  using 
thrast  vectoring  to  fly  beyond  stall  limits.  The  goal  of  the 
EFM  program  is  to  demonstrate  the  tactical  advantage  of  a 
fighter  aircraft  being  capable  to  manoeuvre  and  maintain 
controlled  flight  including  the  poststoi)  regime  up  to  70  de¬ 
grees  AoA. 

Two  fighter  type  X-3IA  aircraft  were  built  by  Rockwell  In¬ 
ternationa)  and  Deutsche  Aerospace  under  contract  with  the 
Advanced  Research  Projects  Agency  (ARPA)  and  the  Ger¬ 
man  Ministry  of  Defense  (GMoD). 
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Since  the  first  flights  of  aircraft  #1  on  October  II*  1%  1  and 
aircraft  #2  on  January  I91*1  1992  the  two  aircraft  have  accu¬ 
mulated  a  tout  of  263  flights  (145  on  aircraft  #1  and  125  on 
aircraft  #2)  until  August  20th  199.  The  conventional  envelo¬ 
pe  was  cleared  to  0.9  Mach.  40  kft  *  ressure  altitude.  485  kca* 
and  30  degrees  AoA.  Symmetrical  *>a ds  were  cleared  bet¬ 
ween  7g*«  and  -2g*s.  Shortly  after  PST  flight  test  w*as  started 
both  aircraft  were  transferred  fttm  the  HI  flight  test  facility  at 
Palmdale  Cal  to  the  NASA  L  yden  Right  Research  Facili¬ 
ties  (DFRF)  at  fidwirds  Airforce  Base  by  late  January  1992 
to  continue  the  PST  envelope  expansion  flight  test  S* nec 
then  more  than  100  PST  clearance  flights  have  been  accom¬ 
plished  and  the  PS  T  envelope  is  now  cleared  up  to  70  degrees 
AoA.  between  10  kft  and  30  kft  pressure  altitude,  a  maxi- 
mam  of  4g*s  during  PST  entry  and  a  maximum  of  225  kcas 
entry  speed.  In  the  meantime  tactical  flight  test  has  started  to 
demonstrate  the  EFM  capability  of  the  X-31 A  airciaft. 

4.  X-31  A  FLIGHT  CONTROL  SYSTEM 
The  X-31  A  aircraft  is  a  longitudinal  unstable  (lime  to  double 
amplitude  as  low  as  200  msec)  delta  wing  A/C  with  canard 
configuration  The  primary  aerodynamic  control  surfaces  are 
symmetrical  trading  edge  flaps  and  canard  for  the  longitudi¬ 
nal  axis  and  differential  trading  edge  flap  and  rudder  for  die 
lateral/dirccoonal  axes  in  addition  a  thrust  vectoring  system 
is  adde/1  to  the  engine  exhaust  nozzle  utilizing  three  paddles. 
Each  paddle  covers  an  angular  section  of  120  degrees  wvund 


the  exaust  nozzle  and  can  be  deflected  up  to  35  degrees  into 
the  plume,  leading  to  a  thrutt  deflection  in  the  pitch  and  yaw 
axis  of  more  then  10  degrees  This  TV  system  is  used  to  aug¬ 
ment  the  aerodynamic  control  power  dunng  low  speed  and 
PST  flight. 

The  X-31  A  flight  control  system  is  a  full  authority  digital  fiy 
oy  wire  system.  It  consists  of  three  identical  FCC's  (two 
CPU's  each)  supported  by  a  so  called  tie -breaker  FCC.  This 
tic-breaker  is  like  the  other  FCC’s  but  with  just  one  CPU.  It 
selects  the  healthy  FCC  lane  in  case  of  a  second  FCC  failure, 
which  gives  a  quadruple  system  reliability.  The  safety  criti¬ 
cal  flight  control  comnoticnis  are  electrically  quadruples  and 
connected  to  ail  four  FC~’s  Thcsv.  axe  the  pilot  receptors 
(stick  and  pedal),  the  rate  gyros,  the  accelerometers  and  the 
actuators  of  trailing  edge  flap,  canard  and  rudder.  The  safety 
critical  actuators  (primary  control  surfaces)  are  hydraulically 
duplex.  The  other  components  arc  not  considered  safety  cnU- 
cal.  but  are  nece»ary  to  fullfi*  the  EFM  requirements  and  to 
be  able  to  fly  within  the  PST  regime.  These  arc  AoA  and  si¬ 
deslip  sensors  located  at  the  noscuoom.  a:r  data  computer,  in¬ 
ertial  measurement  unit  and  the  actuators  of  the  thrust  vecto¬ 
ring  paddles,  leading  edge  flap,  speedorake  and  engine  air  in¬ 
take  These  comjx,nents  arc  electncally  duplex,  except  the 
IMU  which  ln»  a  velftcst  nvon:tonn;  >caturc  The  nonsafety 
critical  actuators  (secondary  control  surfaces!  arc  hydraul 
cally  simplex.  A  failure  of  a  nonsafety  critical  component 


Fig  I :  X-31  A  flight  control  hardware  configuration 
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mu:t  be  monitored  by  the  redundancy  management  and  re¬ 
ported  to  the  flight  control  laws.  Fig.  1  ^rves  as  overview 
over  the  flight  control  system  architecture. 

In  the  basic  flight  control  system  mode  all  feedback  signals 
are  used  to  calculate  the  actuator  commands  There  are  two 
basic  modes,  because  the  TV  can  be  enabled  and  disabled  by 
the  pilot.  But  PST  flight  is  prevented  by  the  FCL  at  long  as 
TV  is  disabled.  For  takeoff  and  landing  TV  is  automatically 
disabled  for  safety  reasons.  Depending  on  the  actual  sensor 
failure  situation,  reversionary  inodes  provide  a  step  by  step 
system  degradation,  te. 

•  R1  -  inertial  measurement  unit  disengage  mode 

•  R2  -  flow  angle  disengage  mode 

•  R3  -  fixed  gain  mode  in  case  of  an  airdata  failure 

The  most  degraded  mode.  R3,  still  has  save  flying  home  ca¬ 
pability.  In  fig.  2  the  step  by  step  degradation  is  shown;  note 
that  the  more  degraded  mode  includes  the  disengagements  of 
the  lest  degraded  modes,  i.e  in  R3  mode  the  IMU  and  flow 
angles  arc  also  disengaged.  The  arrows  illustrate  the  possible 
degradations  in  case  of  a  hardware  failure.  The  degraded  mo¬ 
des  are  also  pilot  selectable  in  a  noefailure  situation  for  flight 
test  purposes. 


Bg  2:  Right  Control  System  Modes 


For  eafety  reasons  a  spin  recovery  mode  w u  introduced  into 
the  fl-ght  control  laws.  This  mode  must  be  selected  by  the  pi¬ 
lot.  There  arc  classical  direct  links  from  stick  and  pedal  to  ca¬ 
nard.  trading  edge  flap,  rudder  and  thrust  vestonng.  giving 
the  pilot  full  surface  deflection  authority.  A  proportional  and 
integral  pitch  rate  feedback  is  (be  only  closed  stabilisation 
loop  in  the  spin  recovery  mode. 


S.  BASIC  STRUCTURE  OF  THE  CONTROL  LAWS 
The  X-3 1 A  flight  control  laws  have  three  mam  external  inter¬ 
faces  ie.: 

the  pdot  command  vector  £  (Xp.  x^  At). 

the  sensed  feedback  vector  y(p.  q,  r,  a.  P)  and 

the  actuation  command  vector  ji  ,o  ,K). 

Within  the  PST  flight  envelope  the  pilot  command  vecKr 
consists  of  wind  axis  roll  rate  command  (Xp).  angle  of  attack 
command  (x^)  and  sideslip  command  (xf).  At  high  dynamic 
pressure  flight  conditions  load  factor  command  replace*  an¬ 
gle  of  attack  command. 


Fig.  3:  Basie  structure  of  lL'.  XC !  A  FCL 


Fig.  3  shows  the  X-31A  flight  control  laws  in  a  close-1  loop 
together  with  the  aircraft  dynamics  There  are  three  subun.U 
within  the  fhght  control  laws.  >he  linear  feeedback  unit  K  and 
the  nonlinear  feedforward  units  fu  tad  f.  The  feedforward 
runt  f„  calculate*  the  nrcesjary  steady  sue  command  vecsor 
i  e.  the  iri  nmed  surface  deflections,  for  the  pilot  com¬ 
mand  vector  £  depending  on  the  actual  flight  condition  and 
aircraft  configuration  data  (eg.  c.g..  weight).  In  parallel  1^ 
calculates  the  corresponding  t-aady  stale  command  vector  yc. 
That  means  for  all  feedback  signals  an  associated  command 
signal  must  be  calculated  from  the  pilot  input. 

The  actuator  commands  are  calculated  with  the  following 
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vector  equation: 

k  =  K*  (£-%;)  +Uc  (Eqn.  1) 


Thu  equation  it  often  referred  to  as  the  algebraic  Riccati 
equation.  Tbc  stability  and  handling  analysis  is  carried  out 
with  the  full  high  order  system.  If  this  check  shows  unsatis¬ 
factory  results  the  weighting  matrices  have  to  be  adjusted  and 
the  optimisation  procedure  is  repeated. 


Thus  the  actuator  command  vector  u  is  the  sum  of  the  steady 
state  command  vector  (trimmed  surface  deflections)  and  the 
feedback  difference  vector  multiplied  by  the  feedback  gain 
matrix. 

5.1  Deleralaetlon  of  Use  Feedback  Gala  Matrix  £ 

The  feedback  gain  matrix  &  is  determined  using  the  lineari¬ 
sed  aircraft  model  split  into  longitudinal  respectively  late- 
ral/directiooal  motion.  All  additional  dynamics  (e.g  actuation 
and  sensor  models)  are  not  considered.  This  leads  to  fourth 
order  models.  Using  the  £•  transform  the  vector  difference 
equations  are 


yjc 


=  Or, 


(Eon. 2) 


The  feedback  matrix  is  mathematically  -aiculated  using  the 
optima]  linear  digital  regulator  design.  Thereby  the  main  task 
for  the  designer  is  the  definition  of  the  weighting  matrices  Q 
and  £  of  the  quadratic  i«rfoinrance  index  1  (Eqn.  3).  The  mi- 

b= 0 


5 2  Calculation  of  the  Feedforward  Paths 

The  feedforward  paths  are  calculated  independently  from  the 
feedback  path  using  the  steady  state  equations  of  motion  of 
the  aircraft.  Steady  state  is  interpreted  in  this  context  as  the 
resulting  stable  flight  condition  with  constant  pilot  inputs 
(c.g.  steady  state  wind  axis  roll).  When  taking  into  account 
all  influences  in  calculating  Ihe  steady  state  vectors  and 
1!^  the  functions  L  and  describe  the  inverse  steady  state 
model  of  the  aircraft.  They  include  all  direct  link  and  all 
compensation  paths  (e.g  gravity  effects,  inertia!  coupling, 
speoftrake  moment  compensation  ...)  aod  are  dependent  on 
configuration  and  flight  cooditioa.  Constraints  as  complexity, 
model  fidelity  or  computer  power  do  not  allow  the  full  imple¬ 
mentation  of  all  paths,  therefore  some  of  them  must  be  sim¬ 
plified  or  omitted  at  all.  The  steady  state  feedback  difference 
error  is  a  measurement  of  this  simplification. 

5J  Inertial  and  Gyroscopic  Coupling  Compensation 
The  gyroscopic  moments  are  square  dependent  on  the  angu¬ 
lar  rates  and  therefore  no:  considered  in  the  linear; ted  model. 
At  high  angular  rates  these  moments  cannot  be  neglected. 
Uncompensated  these  moments  would  lead  to  unacceptably 
large  devivuens  and  the  aircraft  reaction  would  be  tagged  by 


K  =  (BTPB+B)~lgrP£ 


(Eqn.4) 


Fig.  4:  Inertia]  A  gyroscopic  coupling  compensation  pitch 
axis. 


nimization  of  the  performance  index  for  infinite  time  lesulla 
in  a  tunc  constant  optimum  feedback  matux  K-  Tins  matrix  it 
calculated  (Eqn.  4)  using  the  system  arl  weighting  matrices 
and  the  matrix  P  which  u  tlx  solution  of  the  'Matrix  Riccati 
Equation"  (Eqn.  5): 


(Eqn. 3) 


Us  dynamic.  Introduction  of  an  integral  feedback  would  help, 
but  it  introduces  overshoots.  The  better  solution  is  a  feedfor- 
waid  compensation  acting  instantly  (just  lagged  by  sensor 
and  actuation  dynamics)  against  the  disturbances.  The  small 
remaining  deviations  due  to  model  uncertainties  are  control¬ 
led  by  It?  feoftack  loops.  Fig.  4  and  fig.  5  show  the  block 
diagram  of  the  longitudinal  respectively  laicralMireetional  in¬ 
ertial  atvl  gyroscope  coupling  compensation.  The  constants  c 
are  dependent  on  the  inertias  of  the  aircraft  aod  the  engine. 
These  are  used  to  calculate  a  normalised  comnensatkm  mo¬ 
ment  cut  of  the  rates  in  front  of  the  gains  k.  These  gains  are 
functions  of  flight  conditions.  The  output  are  the  necessary 
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iurf*cc  defkctioo*  to  compensate  the  inertial  aod  gyroscopic 
moment. 


Fij.  5:  loeitia  A  gyroscopic  couplioj  compensation  lateral/ 
directional  axis. 


5A  Gravity  Effect  Compcuatioi 

The  simplest  description  of  ibe  force  equation  is  io  the  flight 
path  axes  system.  Here  the  forces  in  y-  and  z-direction  (ny 
and  nz)  consist  just  of  the  ceotripedal  force  aod  the  gravity. 


\  =  T*k  +  COS  ft  cosy  (Eqn.  6) 

v 

nj^  =--£  rk  +  sin/t  cosy  (&t°- 7) 


They  will  be  used  to  calculate  the  flight  pith  rate  command 
signals  out  of  thr  commanded  g't  and  gravity  components. 

%  =  cos/<cosy)  t^0*) 
%=  Yt  ^~nhe  +  S'nfi  cosy  *  <Eq,t  91 

For  this  the  body  axe*  acceleration  commands  ire  malfor¬ 
med  into  flight  path  axis. 

With  the  dependency  of  the  rate*  from  gravity  additional  mo¬ 
ment*  due  to  aerodynamic  damping  c?me  into  tbc  exact  equa¬ 
tion.  the  compensation  cf  these  moments  is  neglected 

The  time  differential  of  the  gravity  component  lead*  to  angu¬ 
lar  acceleration*.  These  moments  are  compensated  by  a  feed¬ 
forward  command. 

5.5  Additional  Control  Structure  Elements 
The  simplified  model,  used  for  the  determination  of  the  feed¬ 
back  matrix,  may  lead  to  a  high  order  system  with  reduced 
stability  rod/or  degraded  handling  qualities.  With  filters  in 
the  feedback  and  feed  forward  loops  this  can  be  improved 
again.  Failed  or  missing  feedback  signals  bare  to  be  substitu¬ 
ted  by  observes*. 

If  the  calculation  of  the  feedforward  signals  is  missing  some 


steady  state  term  (in  case  of  n  hardware  failure),  a  steady  sta¬ 
te  error  (difference  between  commanded  aod  sensed  signal) 
will  remain.  Washout  filters  ill  the  feedback  loop  are  used  to 
drive  thir  error  to  zero.  Here  just  die  high  frequency  part  of 
the  feedhacx  signal  will  be  used. 

Limitations  due  to  loads,  control  power,  sensors  aod  pilot  ac¬ 
celerations  are  kept  with  scaling  and  rale  limiting  of  the  pilot 
command  loop. 

<-  LONGITUDINAL  FLIGHT  CONTROL  LAWS 
The  pitch  stick  position  ts  scaled  in  the  flight  cootrol  laws 
from  -1.0  (max  push)  to  *IJ  (max  pull).  This  politico  corre¬ 
sponds  directly  to  an  AoA  or  load  factor  command.  At  Sow 
dynamic  pressure  flight  conditions  the  FCL  is  in  the  AoA  co¬ 
rn  usd  mode.  Here  a  command  of -If)  corresponds  to  -10  deg 
AoA.  +1.0  corresponds  to  +30.  deg  AoA  aid  +1.5  corre¬ 
sponds  to  +70.  deg  AoA.  If  PST  is  disabled  the  AoA  com¬ 
mand  is  limited  to  +30.  deg.  A  force  defend  in  the  stick  fee! 
system  at  +1.0  gives  the  pilot  information  whether  he  has 
pulled  into  PST  or  not.  At  high  dynamic  pressure  -1.0  com¬ 
mands  approx.  -2.4  g't  aod  +1.0  commands  12  g's.  Pulling 
over  the  defend  does  not  change  the  maximum  commend  of 
7.2  g's  ( this  is  the  aircraft's  load  limit).  The  switch  over  bet¬ 
ween  these  two  command  systems  is  at  tbc  flight  condition 
where  30  deg  AoA  results  in  the  maximum  'cad  factor  of  12 
g's.  This  is  around  380  psf.  Depending  on  die  stick  command 
the  associated  command  is  calculated.  Le.  in  the  angle  of  at¬ 
tack  command  flight  regime  the  associated  load  factor  com¬ 
mand  is  calculated  and  vice  versa.  PST  flight  is  only  possible 
if  the  aircraft  is  in  the  angle  of  attack  command  mode. 

Fig.  6  presents  a  simplified  block  diagram  of  tbc  longitudinal 
fi^bt  control  laws  for  the  AoA  command  mode.  On  the  lift 
hand  side  trie  pilot  input  (in  this  case  AoA  command)  and  lie 
main  feedback  sensor  signals  AoA  and  pitch  rate  arc  shown. 
The  calculated  output  canard  command,  symmetric  trailing 
edge  flap  command  and  the  thrust  vectoring  command  for  the 
pitch  axis  are  on  the  right  hand  side.  Within  the  block  dia¬ 
gram  three  areas  arc  surrounded  by  a  dashed  line.  They  re¬ 
flect  the  main  units  as  described  before. 

4.1  Direct  Link  Longitudinal  Axis  (J^) 

The  direct  Ink  path  to  tbc  upper  right  comet  of  fig.  6  calcula¬ 
tes  the  steady  state  canard  and  trailing  edge  flap  positions  out 
of  the  commanded  angle  of  attack  aod  the  actual  flight  condi¬ 
tion.  Derived  from  trimmed  conditions  with  wings  level  and 
max.  dry  power  the  according  canard  and  trailing  edge  flap 
deflections  are  stored  in  a  set  of  two  trim-table*.  The  additio¬ 
nal  degree  of  freedom  with  two  cootrol  effectors  ts  used  to 
optimize  for  rmnunum  drag  at  low  angle  of  attack  and  Literal 
stability  (aerodynamic  stability  derivatives  are  dependant  on 
canard  position)  at  high  angle  of  attack.  Thit  set  is  called  tbc 
"rauisc'  trim  schedule.  But  this  schedule  results  in  high  land¬ 
ing  speeds,  therefore  a  second  set  of  trim  tables  was  calcula¬ 
ted  with  the  goal  of  maximum  lilt  at  Irod'ng  angle  of  attack. 
Thu  "high  lift*  schedule  is  alto  stored  in  the  flight  control 
computer.  The  pilot  can  switch  from  one  schedule  to  the 
other,  but  the  "high  lift"  tnm  schedule  it  reitnctrd  for  takeoff 
and  landing.  For  simplification  only  one  set  of  trim  tables  is 
shown  u  fig.  6. 

A  lag  filter  with  a  time  constant  corresponding  to  the  angle  of 
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tUKk  response  of  Use  crera/l  u  used  13  froot  of  the  tria- 
uble;  lo  compensate  ibe  pilot  corntnafid  kid  poof  to  Use 
aircraft  response. 

The  caoard  aad  smiling  edgj  deflections  to  compensate  Use 
usettial  aad  g)  '  .opsc  moments  aa  defused  to  figA  are  added 
us  Use  output  of  Use  torn -tablet  and  Usia  sun  forms  Use  steady 
state  trim  comioaodt. 

Tbe  aerodynamic  control  power  is  t efficient  for  hamming. 
Uscrefore  thrust  vectoring  is  not  used. 

<•2  Calculation  of  pitch  rate  command  (fj 
The  pitch  rate  command  calculation  is  shown  on  the  left  side 
of  fig.  6.  first  the  associated  n£  command  a  derived  from  tbe 
AoA  command,  using  a  stored  trimmed  iifl  table,  dynamic 
pressure  and  an  estimated  aircraft  weigbu  From  that  tbe  di¬ 
rect  ioo  cosine  of  the  gravity  m  the  aircraft  r-axts  is  subtrac¬ 
ted  and  multiplication  wnh  the  gravity  constant  divided  b7 
aircraft  speed  results  in  the  pitch  nut  command  (Eqo.  3). 

iJ  feedback  Loops  Loogttudlmi!  Ails 
The  feedback  loops  are  shown  un  the  lower  right  cotwr  of 
fig.  6.  Inputs  arc  the  differences  between  commanded  and  ac¬ 
tual  AoA  and  pitch  rate.  These  deltas  are  muloplrfd  by  the 
gains  stored  in  three -diromssoca]  tables  as  functions  of  altitu¬ 
de.  mseb  number  and  AoA  and  tbe  rest: hi  are  summed  up. 
Tins  sum  is  a  normalised  pitching  moment  Ibe  feedback 
loops  ask  for.  Downstream  this  pitching  moment  is  distribu¬ 


ted  with  factors  lo  canard,  aymraetneal  flap  and  pitch  mis 
thrust  vectoring  command.  Tlxse  factors  depend  cc  the  flight 
condition  and  the  actual  engine  thrust  level.  They  are  caicula- 
ted  in  the  flight  control  laws  using  stored  tables.  There  in 
two  different  distributions  stored  in  the  flight  control  laws, 
with  and  without  thrul.  vectoring.  Without  thrust  vectoring 
this  fetor  is  set  to  zero  and  tbe  others  are  raised  accordingly. 

It  is  tire  designer’s  choice  to  select  an  appropriate  distribution 
of  the  different  fetching  moment  producers  during  the  opti- 
moatioa  of  the  feedback  gains.  The  and  ^vector  of  erjua- 
tion  2  for  the  longitudinal  axis  reads: 

g7  =  ^.CX.q,©]  U  =  (Hqn.  10) 

In  this  equauou  i  it  a  "roear  eombmauoo  of  canard,  aymme- 
trical  trailing  edge  deflection  and  pitch  thrust  vectoring  For 
tbe  elements  of  the  performance  index  weighting  maarkes 
only  their  relative  value  to  each  other  is  impost- nt  therefore 
the  control  weighting  matrix  can  be  act  to  one.  For  the  Hate 
weighting  matrix  a  diagonal  matrix  wax  chosen  with  reros  in 
tbe  speed  and  pitch  atlrtude  rows.  Tbs  results  in  smail  feed¬ 
back  gams  for  speed  and  pitch  attitude  which  are  neglected 
because  of  their  small  influence  on  angle  of  attack  rootaao. 
The  FhugoitJc  cannot  be  controlled  with  these  feedbacks,  but 
the  reaultuig  Phugosde  ts  within  the  handling  quality  require¬ 
ments.  The  frequency  and  damping  of  the  angle  of  attack  tno- 
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fig.  6 .  Sunjtbficd  block  diagram  of  die  X  ala  longitudinal  flight  control  laws.  (Bone  Mode.  a  Commanl) 
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lion  it  chosen  with  the  values  of  and  q^. 

Q  =  diaS[0,qa,qq,6\  ;  fi  =  [l]  <&"*"> 


In  addition  an  angle  of  attack  resp.  load  factor  error  integral 
is  implemented  which  has  not  much  influence  on  the  angle  of 
attack  motion.  The  Phugoide  remains  unchanged  with  angle 
of  attack  integral  and  is  more  damped  with  lo„d  factor  inte¬ 
gral. 

7.  LATERAL/DIRECTIONAL  FLIGHT  CONTROL 
LAWS 

Roll  stick  position  is  scaled  in  the  flight  control  laws  from  -1. 
(max.  left)  to  +1.  (max.  right).  Depending  on  the  flight  condi¬ 
tion  a  maximum  wind  axis  roll  command  pc  mK  is  calcula¬ 
ted  (up  to  240  dcg/sec  @  low  AoA  and  high  dynamic  pressu¬ 
re).  The  maximum  roll  rate  is  scaled  with  flight  condition 
such,  that  the  available  control  power  will  be  used  as  much  as 
possible  for  the  steady  state  roll,  with  sufficient  control  (lo¬ 
wer  left  for  stabilization  and  departure  prevention.  "I  ois  maxi¬ 
mum  command  multiplied  by  the  scaled  roll  suck  input  gives 
the  wind  axis  roll  rate  command  pc. 

The  rudder  pedal  command  is  calculated  in  a  similar  wa. . 
Here  Pc  is  calculated  as  a  function  of  AoA  and  aircraft 
speed  (up  to  12  d  •  @  low  AoA  and  low  speed).  This  maxi¬ 
mum  command  multiplied  by  llie  scaled  milder  pedal  gives 


the  jlip  command  f)c.  During  rapid  railing  the  sideslip 
command  is  blended  to  zero,  to  use  the  whole  control  power 
for  rolling  (roll  pnonty). 

Fig.  7  shows  a  simplified  block  diagram  of  the  late- 
ral/directiora!  flight  control  laws.  The  large  box  in  the  center 
marked  'Gains*  represents  a  matrix  mulliplication  of  a  com¬ 
bined  feedback  and  feedforwaM  matrix  (S  coiumi  3  rows) 
by  the  input  vector  (pc.  dp,  dr.  dp,  pc)  resulting  >  a  surface 
commands  for  rudder,  differential  trailing  edge  flap  and  yaw 
thrust  vectoring. 

7.1  Direct  Link  Lateral/Directional  Axes  (f  ) 

In  the  latcral/dtrectiona]  axis  direct  links  exist  from  the  wind 
axis  roll  rale  command  as  well  ax  from  the  sideslip  command 
lo  the  trailing  edge  flaps  (diflerenual).  rudder  and  thrust  vec¬ 
toring.  They  are  calculated  by  multiplying  the  commands 
with  gains.  The  gams  are  stored  in  tables  and  interpolated  de¬ 
pending  on  flight  condition.  The  direct  link  commands  corre¬ 
spond  to  the  ddlccuons  calculated  in  a  steady  state  flight 
condition. 

The  direct  link  yawing  moment  is  fed  to  tnc  aerodynamic 
rudder  at  angles  of  attack  up  to  30°.  At  post  stall  condiuons 
the  rudder  becomes  ineffective.  Thus  direct  link  is  blended  to 
thrust  vectoring  which  takes  over  Ihe  full  authority  in  yaw  at 
45°  Aon. 

As  with  the  longitudinal  flight  control  law  the  surface  de¬ 
flections  tc  compensate  Ihe  incrual  and  gyroscopic  moments 


* 


Pig.  7  Simplified  block  diagram  of  the  X-3 la  lateral/diiccbona’  .>[  ><  o  tro!  iaws  (Basic  Mode) 
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a*  dcfmcd  in  fig.  5  arc  added  to  the  surface  commands. 

7 2  Calculation  u»  yaw  rate  command  (fy) 

The  vaw  rate  command  is  not  directly  a  pilot  input,  thus  it 
has  to  be  calculated  in  the  flight  control  laws.  First  the  asso¬ 
ciated  Dy  command  is  derived  from  the  sideslip  command, 
using  a  stored  sideforce  tabic,  dynamic  pressure  and  an  esti¬ 
mated  aircraft  weight.  From  that  the  direction  cosine  of  the 
gravity  in  the  aircraft  y-axis  is  subtracted  and  multiplication 
by  the  gravity  constant  divided  by  aircraft  speed  results  in  the 
wind  axis  yaw  rate  command  (Eqn.  4). 

73  Feedback  Loop*  Lateral/Directlon&?  Axes 

Similar  to  the  longitudinal  control  laws  the  differences  of  the 
commanded  and  actual  sideslip,  wind  axis  roll  and  yaw  rate 
are  multiplied  by  gains  depending  on  AoA.  altitude  and  mach 
number.  The  thtust  vectoring  gams  depend  also  on  estimated 
thrust.  If  thrus*  vectoring  is  switched  off  this  command  is  re¬ 
distributed  to  rudder  and  differential  flap.  Thrust  vectoring 
nearly  gives  a  pure  yawing  moment,  in  the  stored  redistribu¬ 
tion  tables  a  combination  of  rudder  and  differential  flap  is 
precomputed  depending  on  flight  condition  giving  also  a  pun; 
yaw  moment. 

The  feedback  gain  matrix  is  dcic* mined  by  the  optimal  con¬ 
trol  theory.  The  ^  and  u^,  vectors  of  equation  2  for  the  Jatc- 
ral/directional  axes  read: 


8.  THRUST  VECTORING  COMMAND  DISTRIBU¬ 
TION 

The  longitudinal  and  latcral/directional  flight  control  systems 
command  effective  thrust  deflections  m  pitch  and  yaw  direc¬ 
tions.  These  have  to  be  transformed  into  the  associated  vane 
actuator  commands.  For  this  the  pitch  and  yaw  commands 
arc  transformed  into  polar  coordinates  where  the  maximum 
effective  deflection  can  easily  be  limited  with  engine  parame¬ 
ters  without  changing  the  direction  of  the  command.  Stored 
thrust  vectr  .ng  tables  depending  on  dunred  thru*!  diflcction 
as  well  as  engine  parameters  arc  used  to  calculate  the  vane 
deflections  in  two  steps  First  the  plume  boundary  vane  posi¬ 
tion  is  calculated,  then  the  thrust  deflection  vane  commands 
are  superimposed  At  vane  deflections  larger  than  26°  geome¬ 
tric  clearance  is  not  guaranteed,  therefore  a  software  limita¬ 
tion  is  introduced  which  allows  only  one  paddle  to  deflect 
more  than  26°.  When  thrust  vectoring  is  switched  off  the  two 
lower  vanes  (#2  £  #3)  can  be  used  as  airbrakes. 


rT  =  ’p.Pv.rw,0] 

ua 


(Eqn. 12) 


The  weighting  matrices  arc  denned  as  shown  below.  The  <t>- 
colutnn  and  -row  elements  arc  set  to  zero  and  tile  <t>- 
I'ccdbacks  which  have  only  marginal  influence  on  Dutch  Rcll 
and  Roll  mode  are  neglected.  The  diagonal  elements  of  the 
matrix  Q  mainly  define  the  eigenvalues  of  the  latc- 
ralAltrectiona]  aircraft  motion  The  oilier  elements  arc  used  to 
decouple  the  yawing  and  roiling  motion.  The  control  power 
is  weighted  with  the  diagonal  matrix  R  A  Spiral  mode  stabi 
lization  needs  a  <b-fecdback  or  the  feedback  of  an  equivalent 
signal,  but  the  tcsulttng  Spiral  mode  fulfills  the  handling  qua 
tity  requirements. 
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(Eqn  13) 


Fig.  8  Thrust  vectoring  command  distribution 


9.  engagement/disengagement  of  thrust 

VECTORING 

The  thrust  vectoring  system  can  be  switched  or.  and  off  by 
the  pilot  !n  case  of  a  failure  thrust  vectoring  is  automatically 
blended  out.  This  blending  is  implemented  in  the  flight  con¬ 
trol  software  m  such  a  way  that  the  aerodynamic  surfaces  get 
additional  commands  which  produce  the  same  overall  mo¬ 
ment  as  with  tlirust  vectonng.  As  long  as  sufficient  aerodyna¬ 
mic  control  power  is  available  there  is  no  difference  in  the 
moments  with  and  without  thrust  vectonng.  With  small  pilot 
commands  this  is  valid  in  the  whole  conventional  flight  enve¬ 
lope  and  for  the  pitch  axis  even  in  the  post  stall  regime  In  at) 
these  cases  the  linear  handling  qualities  arc  nearly  unchanged 
with  thrust  vectoring  in  and  out.  In  case  of  a  thrust  vector  lai- 
lurc  in  post  stall  no  sufficient  yawing  moment  is  available. 
To  keep  the  sideslip  as  low  as  possible,  the  rudder  as  well  as 
the  differential  flap  command  is  blended  out  during  recovery 
u»  low  angle  of  attack.  Due  to  the  reduced  control  power,  the 
roll  performance  is  also  reduced  with  thrust  vectonng  off. 

10.  WEIGHT  AND  THRUST  ESTIMATION 

For  calculation  of  the  load  factor  command  out  of  the  angle 
of  attack  command  and  vice  versa  as  well  as  for  thrust  esti¬ 
mation  information  about  the  aircraft  weight  is  necessary.  For 
the  calculaUon  of  the  effective  thrust  deflection  information 
about  the  aircraft  thrust  is  necessary,  because  tlie  resulting 
n  oment  is  proportional  to  the  thrust.  No  sensed  signals  for 
weight  or  thrust  arc  available,  therefore  these  values  arc  esti* 
r  .ated  with  the  lift  and  drag  equations  which  are  transformed 
into  body  axes.  To  minimize  the  dynamic  error  of  these  stea¬ 
dy  state  models  the  following  limitations  arc  included. 
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•  lag  filter*  reduce  high  frequency  effect! 

•  the  estimations  are  rate  limited 

•  the  estimated  values  are  bounded 

•  during  extreme  maneuvres  the  estimation  bolds  the  last 
value. 

The  overall  accuracy  of  the  estimations  depend  on  the  accu¬ 
racy  of  the  aerodynamic  model. 

With  a  new  softwareload  an  engine  model  was  intioduced  to 
improve  thnist  estimation. 

11.  POST  STALL  (PST)  MODE 

The  control  law  structure  docs  not  change  with  the  introduc¬ 
tion  of  the  PST-mode.  Only  the  breakpoints  in  the  gain  tables 
and  angle  of  tat  depen deni  scalings  are  extended  to  the 
larger  angle  cf  attack  range.  Flying  into  the  PST  is  only  pos¬ 
sible  if  all  of  the  given  prerequisites  are  fulfilled.  If  this  is  die 
case  the  pilot  can  pull  to  angles  of  attack  larger  then  20°.  To 
prevent  the  pilot  from  unintenUonal  PST  entries  a  detent  is 
introd  'ced  in  the  stick  force  spnng  at  30°  angle  of  attack 
caiiTJid.  If  one  or  more  of  the  prerequisite  are  not  longer 
fulfilled,  or  in  case  of  r.  failure  the  angle  of  attack  command 
is  automatically  reduced  .o  30°. 

12.  CONCf  AIDING  REMARKS 

Flight  test  confirmed  the  design  approach  and  the  control  law 
structure  concept  including  the  thrust  vectoring  system  to  be 
successful.  The  aircraft  dynamics  were  rated  by  the  pilots 
close  to  existing  la -cl  1  handling  quality  requirements 
throughout  the  whole  envelope.  Withir  the  post  stall  envelo¬ 
pe  no  settled  requirements  exist  however  the  pilots  rated  the 
handling  and  performance  cf  the  airplane  as  excellent,  im¬ 
pressive  and  well  satisfactory. 

During  the  last  two  years  of  flight  test  no  significant  control 
law  structure  changes  were  necessary.  The  only  major  modi¬ 
fication  was  the  introduction  of  limited  integral  feedbacks  of 
sideslip  and  roll  rate  etror.  This  was  necessary  due  to  unpte- 
dicted  large  asymmetries  in  the  lateraKdirectional  axis  en¬ 
countered  during  flight  test  at  AoA's  greater  than  40°. 

Two  updates  of  the  aerodynamic  n/xlel  shortly  before  firs! 
flight  and  during  flight  test  showed  the  flexibility  of  the  opti¬ 
mal  control  approach.  This  was  demonstrated  by  a  redesign 
of  the  feedback  gains  performed  in  less  than  one  month. 
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S.  Weis* 

DLR  Instltut  fOr  Flugmechanlk 
Lilienlhalplatz7,  38108  Braunschweig,  Germany 


SUMMARY 

Flight  testing  of  the  X-31A  post-stall  experimental 
aircraft  started  in  October  1990.  By  the  end  of  1992, 
the  X-31A  flif'.'  regime  had  been  expanded  to  70 
deg  angle  of  as*,  elr  and  a  significant  number  of  flight 
tests  with  t  -r.a  jic  post-stall  maneuvers  had  been 
performed. 

Within  the  international  'Combined  X-31A  Flight 
Test  Team',  DLR  (German  Aerospace  Research 
Establishment)  contributes  its  system  identification 
experience  and  capabilities  to  the  determination  of 
aerodynamic  parameters  and  thrust  vector  control 
effectiveness  from  flight  test  data. 

After  a  brief  description  of  the  applied  hard  and 
software,  this  paper  presents  recent  results  from 
flight  test  data  compatibility  checking.  The  identifica¬ 
tion  models  used  for  separated  evaluation  of  longi¬ 
tudinal  and  lateral-directional  motion  are  introduced, 
emphasizing  the  model  reductions  necessary  for 
X-31A  high  angle  of  attack  applications.  Identifica¬ 
tion  results  of  selected  aerodynamic  parameters  arc 
shown  in  comparison  to  wind-tunnel  predictions.  The 
identification  of  the  X-31A  thrust  vector  control 
effectiveness  is  addressed  and  preliminary  results  are 
presented  as  well  An  outlook  of  future  identifica¬ 
tion  activities  with  respect  to  nonlinear/instationary 
effects  in  the  high  angle  of  attack  regime  is  given. 


NOMENCLATURE 

Symbols 


r_  time  delay  error 

d_  zero  offset  error 

6x_,  Sy_,  <b_  alignment  error  angles  around  x,  y,  z 
axes 


Abbreviations 

AC  aerodynamic  center 

ADC  airdata  computer 

ADS  aerodynamic  data  set 

AoA  angle  of  attack 

ASA  acceleration  sensor  assembly 

DoF  degrees-of-freedom 

FCL  flight  control  laws 

HQ  handling  qualities 

INU  inertial  navigation  unit 

ML  maximum  likelihood 

NB  nosebcom 

FID  parameter  identification 

PST  post-stall 

RSA  rate  sensor  assembly 

SI  system  identification 

TV  thrust  vector(-ing) 


Control  Deflection  Angles 

CAN  canard 

KAPPA  thrust  vector  in  yaw 

RUD  rudder 

SIGMA  thrust  vector  in  pitch 

TEA  asymmetric  trailing  edge  flap  (aileron) 

TES  symmetric  trailing  edge  flap  (elevator) 


CD,  CL,  CY  coefficients  of  drag,  lift,  and  side 
force 

C(  Cm,  Cn  coefficients  of  roll,  pitch,  and  yaw 
moment 

K_  calibration  factor  error 


1.  BACKGROUND 

Within  the  scope  of  the  MoA  (Memorandum  of 
Agreement)  'A  Joint  Enhanced  Maneuverable 
Fighter  Aircraft  Research,  Development,  and  Right 
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Test  Program’  between  ARP  A  (Advanced  Research 
Program  Agency)  and  GMOD  (German  Ministry  of 
Defense),  lit;  X-31A  research  aircraft  (Figure  })  was 
designed  to  demonstrate  maneuvering  capabilities 
beyond  stail  limits  (post-stall  maneuvering).  To  meet 
this  design  hey,  new  technologies  were  applied 
including  e.g.  high  angle  of  attack  aerodynamics  and 
flight  control  system  integrated  pitch/yaw  thrust 
vectoring. 

Two  basically  identical  demonstrator  aircraft  have 
been  buiit  by  the  main  contra-tots  R1  (Rockwell 
International  Corporation’s  North  American  Air¬ 
craft)  and  DA£-A  (Deutsche  Aerospace  formerly 
MBB,  Germany).  Right  testing  started  with  the  first 
flight  of  ait-raft  no.l  on  October  11,  1990.  Before 
the  end  of  1992  bith  aircraft  had  accomplished  a 
significant  number  of  flights  covering  the  entire  AoA 
regime  from  about  -5  deg  .o  70  deg.  These  flight 
tests  included  dynamic  P.ST  maneuvering  as  well  as 
the  required  milestone  maneuvers  of  360  deg  rolls  at 
70  deg  AoA  in  both  directions. 

Within  the  international  'Combined  X-31A  Right 
Test  Team',  the  task  of  DLR  is  to  extract  aerody¬ 
namic  parameters  and  thrust  vector  control  effective¬ 
ness  from  flight  test  data  by  using  SI/PID  methods. 
Both  sets  of  results  are  essential  to  validation  and 
update  of  the  X-31A  dau  base  used  foi  control  lav/ 
design  and  simulation. 

As  published  in  [1]  and  |2|,  DLR  was  abir-  to  achieve 
reliable  SI  results  covering  the  conventional  angle  of 
attack  regime  in  spite  of  some  deficiencies  (from  the 
view  of  an  SI  engineer)  in  the  provided  flight  test 
data.  The  application  of  SI  to  high  AoATST  fhgn! 
uata,  however,  poses  some  major  challenges  to  he 
discussed  in  the  following 


2.  HARD/SOFTWARE  EQUIPMENT 

To  be  near  to  the  flight  test  facility  and  to  run  the 
DLR  software  for  interactive  data  analysis  and  sys¬ 
tem  identification  on  a  familiar  computer  environ¬ 
ment,  a  mobile  computer  system  was  first  set  up  by 
DLR  at  the  RI  facilities  in  Downey  (Los  Angeles) 
and  then  moved  to  NASA-Dryden  at  Edwards  AFB. 
To  cope  with  Urge  amounts  of  flight  test  data  and 
increasing  computational  demands,  the  computer 
system  was  gradually  supplemented.  Ryu rr  2  gives  an 
overview  of  the  latest  configuration. 

The  following  software  packages  arc  currently  wed 
for  on-site  data  analysis: 

CeiDai/ 1  reading  (light  test  data 
D/1  data  conversion  and  signal  calculation 
DIVA  interactive  data  analysis 
AOSA  analysis  of  aerodynamic  data  set 


ML  systc.n/paramcter  identification  using  o  t- 
put  error  method 

NLKAL  system/parameter  identification  using  filter 
error  method 

GetData  is  a  DLR-modificd  version  of  the  NASA 
software  package  described  in  [3].  It  is  used  to  read 
the  flight  test  data  (provided  on  CD-ROM)  and  to 
convert  it  to  the  DLR  data  format  used  by  the  fol¬ 
lowing  analysis  programs. 

DA  is  used  for  further  data  conversion  and  signal 
calculations  such  as  scaling,  filtering  and  numerical 
differentiation.  This  program  L  -pplied  only  to  those 
time  slices  which  have  been  selected  fer  further 
evaluation. 

DIVA  is  used  for  analysis  of  time  and  frequency 
dependent  data  [4{.  For  system  identification  pur¬ 
poses  it  s-rves  mainly  as  a  plot  routine. 

ADSA  gives  access  to  the  wind-tunnel  based  aerody¬ 
namic  data  set  of  the  X-31A  Various  dau  set  func¬ 
tions  and  derivatives  can  be  calculated  and  plotted. 

ML  is  an  implementation  of  the  maximum  likelihood 
output  error  method  for  estimation  of  parameters  in 
nonlinear  systems  (5).  The  latest  version  of  this 
algorithm  is  documented  in  [6].  This  program  is  used 
for 

►  trim  value  estimation  (sec  [2)), 

►  validation  of  data  compatibility  and  signal 
calibration, 

►  estimation  of  aerodynamic  model  parameters 
at,d  thrust  vcctr.r  conbc’  parameters, 

«■  verification  of  estimated  parameter  (sec  (2j), 

►  estimation  ot  equivalent  model  parameters 
and  subsequent  calculation  of  handling  qual¬ 
ities  parameters  (sec  |7)  and  [8]). 

NLKAL  is  an  implementation  of  the  maximum  likeli¬ 
hood  filter  ertor  method  for  estimation  of  parame¬ 
ters  in  nouline-.  systems  |9j.  Up  to  now,  this  pro¬ 
gram  has  been  u*ed  only  for  the  estimation  of  lat- 
cral-dircctional  derivatives.  Compared  to  ML, 
NLKAL  has  two  signiltcam  advantages 

►  it  is  well  suited  for  unstable  systems, 

►  it  accounts  foi  process  noise  induced  c  g.  by 
forcbody  vortices. 

Disadvantages  arc  that  NLKAL  requires  more  CPU- 
-.ime  than  ML  and  that  possible  modeling  errors  arc- 
concealed  because  they  arc  considered  as  process 
noise  by  the  algorithm. 


3.  OATA  COMPATIBILITY  CHECKING 

Prior  to  the  estimation  of  aerodynamic  parameters, 
a  fligln  path  reconstruction  (FPR)  is  carried  out 
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-outincly  to  secure  flight  test  data  compatibility. 
Within  the  FPR  a  set  of  instrumentation  errors  is 
identified  for  each  aircraft  which  should  temain 
constant  as  long  as  the  measurement  system  is  not 
changed.  The  latest  FPR  model  includes 

►  alignment  errors  for  each  sensor  package, 

►  zero  offset,  scale  factor  error  and  time  dela¬ 
tor  each  sensor, 

►  geodetic  wind  components,  assumed  to  vary 
linearly  with  altitude  (wind  shear). 

The  inertial  navigation  unit  (INU)  serves  as  refer¬ 
ence  for  the  estimation  of  the  alignment  errors  of 
the  other  three  sensor  packages:  acceleration  sensor 
assembly  (ASA),  rate  sensor  assembly  (RSA),  and 
noseboomsensors  (NB).  The  estimated  wind  compo¬ 
nents  arc  compared  to  the  onboard  calculated  wind, 
but  differences  arc,  in  general,  not  weighted  in  the 
ML  cost  function  to  be  minimized. 

The  FPR  is  based  on  6-DoF  kinematic  equations  of 
aircraft  motion.  Inputs  are  the 

►  l03d  factors  NX,  NY,  NZ  (ASA  signals)  and 

►  angular  rates  P,  Q  R  (RSA  signals). 

Outputs  arc  the 

►  true  airspeed  and  airflow  angles  YTAS, 
ALPHA,  BETA  (NB  signals), 

►  geodetic  velocity  components  VKXG,  VKYG, 
VKZG  (INU  signals), 

►  Euler  angles  PHI,  THETA,  PSI  (INU  signals) 
and 

►  altitude  H  (ADC  signal). 

Before  the  inclusion  of  alignment  error  and  wind 
shear  estimation,  the  data  compatibility  check  had  to 
be  carried  out  separately  for  each  maneuver  [2].  At 
present,  all  SI/PID  relevant  maneuvers  from  the 
flights  of  one  day  are  collected  and  evaluated  in  a 
single  identification  run.  The  example  in  Figure  3 
shows  that  the  FPR  model  output  reproduces  the 
measured  flight  test  data  very  well  within  the  entire 
flight  regime.  Major  differences  are  only  to  be  seen 
in  the  fit  of  the  0£7>i-signal. 

The  following  parameters  arc  currently  included  in 
the  FPR  model: 

►  zero  offset  errors 

A_NX,  AJiY,  A_NZ,  A_P,  A  J2.  A_R\ 

►  calibration  factor  errors 

K_P,  K J2  K_R,  KJ^AS,  K_ALFA; 

►  time  delay  errors 

T  VTAS,  T  ALFA,  T  BETA,  T  PHI, 

T  THETA,  TJPSF, 

«■  alignment  errors 

Ay  RSA,  6z_RSA,  u_S’B,  fy_NB,  tz_NB\ 

►  wind  shear  parameters 

VWXG,  VWYG,  VWZG,  VWXG  II,  VWYG  H, 
VWZGJI. 


This  set  of  parameters  was  chosen  from  all  possible 
parameters  by  neglecting  minor  effects  and  by  select¬ 
ing  only  parameters  which  are  uncorrelatcd.  Further¬ 
more,  only  error  parameters  whose  values  remained 
constant  during  the  evaluation  of  the  flights  of  sev¬ 
eral  days  (precondition:  no  changes  in  the  instru¬ 
mentation  system)  were  retained  in  the  model  As 
expected,  the  identified  set  of  instrumentation  errors 
is  slightly  different  for  each  of  the  two  X-31A  air¬ 
craft. 


4. 1  DEN  riFICATlON  OF  THRUST  VECTOR 
EFFECTIVENESS  (Conventional  AoA  regime) 

The  TV  effectiveness  was  identified  indirectly  in  ihe 
conventional  AoA  regime  (below  30  deg  AoA), 
based  on  flight  tests  with  and  without  operative 
thrust  vector  system.  Because  of  the  high  correlation 
between  the  aerodynamic  control  and  TV  deflec¬ 
tions,  the  aerodynamic  parameters  were  estimated 
first  from  flight  tests  without  operative  TV  system.  In 
a  second  step,  these  estimates  were  kept  constant  for 
the  estimation  of  the  TV  effectiveness  from  flight 
test  data  at  the  tame  flight  condition,  but  with  TV 
system  engaged.  Any  effects  not  described  by  the 
mode!  from  the  first  step  aie  then  attributed  to  the 
TV  system. 

Above  30  deg  AoA,  this  procedure  is  not  practicable 
(flight  sefety  does  not  allow  to  disengage  the  TV 
system).  Therefore,  the  effectiveness  cither  from  the 
aerodynamic  control  surfaces  or  from  the  TV  system 
could  dc  estimated  in  the  high  AoA/PST  regime, 
assuming  tn  each  case  correct  predictions  of  the 
fixed  parameters. 

The  X-31A  identification  makes  use  of  an  engine 
model  which  has  originally  been  derived  for  simula¬ 
tion  purposes  from  data  of  the  engine  manufacturer 
and  from  cold  jet  static  model  tests  conducted  to 
determine  thrust  vector  characteristics.  Gross  thrust 
F,  thrust  deflection  angles  in  pitch  and  yaw,  SIGMA 
and  KAPPA,  inlet  force,  and  angular  momentum  of 
the  engine  arc  calculated  as  functions  of  power  lever 
angle,  mach  number,  pressure  al'itude,  nozzle  pres¬ 
sure  ratio,  and  exhaust  nozzle  throat  area.  Thrust 
vector  forces  and  moments  arc  tied  together  by  the 
distance  between  thrust  impact  point  and  aerody¬ 
namic  center,  xthac.  Linearization  with  respect  to  the 
TV  deflection  angles  -  they  generally  do  not  exceed 
10  deg  -  leads  to  two  nondimcnsionalTV  derivatives 
which  arc  linear  functions  of  the  normalized  thrust 
(Detailed  information  may  be  found  in  (lOj): 

CmSIGMA  »  xthoclc  •  Ft(qS) 

CnKAPPA  *  xthaclb  •  F/(qS) 
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Figure  4a  shows  flight  measured  data  and  identified 
model  output  of  two  pilot  generated  pitch  doublet 
maneuvers  of  a  flight  with  operative  TV  system.  The 
model  output  b  simulated  with  aerodynamic  parame¬ 
ters  as  derived  from  a  corresponding  maneuver  with 
TV  disengaged.  Initial  states  and  trim  values  are 
estimated  but  TV  b  neglected  (i.e.  TV  effectiveness 
b  set  to  zero).  A  significant  mbmatch  between  meas¬ 
urement  and  modeloutputb  vbible.  After  additional 
estimation  of  the  TV  derivatives,  a  nearly  perfect 
curve  fit  b  obtained  (Figure  4b).  A  *imilar  behaviour 
has  been  observed  in  the  case  of  yaw  maneuver 
evaluation. 

The  identified  TV  derivatives  in  pitch  and  yaw  are 
presented  in  Figure  5.  Here,  CmSIGMA  and 
CnKAPPA  are  plotted  versus  normalized  thrust.  The 
error  bars  indicate  the  uncertainty  levels  of  the  para¬ 
meter  estimates.  They  correspond  to  the  standard 
deviations  as  obtained  from  the  Cramdr-Rao  lower 
bound  multiplied  by  a  factor  of  20.  Thb  large  factor 
was  chosen  to  account  for  the  uncertainties  in  the 
previously  estimated  aerodynamic  parameters.  The 
broken  lines  represent  the  thrust  model  predictions 
for  the  X-31A 

The  TV  effectiveness  in  pitch  CmSIGMA  follows  the 
predictions  in  general,  while  the  estimated  TV  effec¬ 
tiveness  in  yaw  CnKAPPA  b  obviously  lower  than 
predicted  The  relatively  large  scatter  iri  the  results 
may  be  caused  by  possible  errors  in  the  engine  and 
thrust  deflection  mndeb  used,  and  by  the  above 
mentioned  errors  in  the  estimates  of  the  acrodynatr. 
k  parameters.  Furthermore,  only  flight  test  e'ata  with 
pilot  generated  doublet  inputs  were  available  wmen 
arc  non-optima!  for  PI  purposes.  These  deficiencies. 
h<  wcver,  do  not  affect  the  general  trends  of  the 
results. 


5.  AERODYNAMIC  MODEL  IDENTIFICATION 
(High  AoA/PST  regime) 

The  application  of  SI/PID  to  X-31A  high  AoA/PST 
'’ight  daia  poses  three  major  challenges  due  to 
■  instabilities  of  the  basic/uncontrollcd  aircraft 
(acrodynamics/flight  mechanics  design), 

►  high  correlations  in  aircraft  stales  and  control 
deflections  (FCL  design  for  aircraft  stabili¬ 
zation),  and 

►  process  noise  induced  c.g.  by  forcbody  vortices. 

The  instabilities  of  the  basic/uncontrollcd  X-31A 
aircraft  lead  to  numerical  problems  in  the  ML  out¬ 
put  error  algorithm  (possible  divergence  of  the  inte¬ 
grated  solution  or  overflow,  sec  |li]  and  (12))  during 
the  identification  of  aerodynamic  parameters.  There¬ 
fore,  a  numerical  stabilization  procedure  vas 
included  in  the  algorithm.  As  the  artificial  stabi.i- 


zation  affects  the  identification  results,  its  degree  was 
reduced  step  by  step  and  the  final  results  were 
obtained  without  stabilization  (see  chap.  S.I).  These 
problems  do  not  occur  when  the  ML  filter  error 
method  b  used  (see  chap.  5.2)  because  here  the 
solutions  are  stabilized  by  the  filter  update.  Another 
method  which  b  capable  of  handling  unstable  sys¬ 
tems  b  the  ML  output  error  method  tn  the  frequency 
domain  because  here  numerical  integration  b 
avoided.  Thb  method  has  been  successfully  applied 
to  X-31A  flight  test  data  from  conventional 
flights  [13]. 

The  high  correlations  in  aircraft  states  and  control 
inputs,  however,  could  not  be  avoided  during  flight 
test  because  it  b  mandatory  that  the  control  laws 
command  all  control  effectors  simultaneously  for 
aircraft  stabilization  and  maneuvering.  These  prob¬ 
lems  would  be  overcome  only  by  PID  flight  tests 
with  single  effector  excitation. 

In  X-31A  high  AoA  flight,  small  vortices  are  separa¬ 
ting  stochastically  from  the  aircraft  nose.  Thb  causes 
process  noise  in  the  flight  data  of  the  lateral-direc¬ 
tional  motion.  Therefore,  the  ML  filter  error  method 
b  applied  (sec  chap.  5.2). 

In  the  maneuvers  evaluated  so  far,  the  longitudinal 
and  lateral  motion  were  excited  separately  and  no 
cross  coupling  effects  were  vbible.  Both  motions  are 
therefore  id'.ntificd  separately  using  measured  sig¬ 
nals  for  latcrai-dircctional  terms  in  the  longitudinal 
motion  and  vice  versa.  Due  to  this  procedure,  the 
identification  b  applicable  to  flight  test  data  derived 
in  wings  level  flight  as  well  as  in  steady  turns-  The 
structure  of  the  aerodynamic  mo^tl  was  defined 
according  to  the  ADS  to  facilitate  comparison  with 
the  data  set  predictions  and  eventual  updates  of  the 
data  base  values.  The  longitudinal  motion  is  there¬ 
fore  formulated  in  the  experimental  reference  frame 
whereas  the  lateral-directional  motion  b  written  in 
body  axes. 

For  the  estimation  of  aerodynamic  parameters  and 
thrust  vector  control  parameters,  all  sensor  positions 
arc  taken  into  account  as  well  as  aircraft  weight, 
c.g.  location,  and  moments  of  inertia  which  arc 
derived  as  functions  of  measured  fuel  quantity  from 
the  X-31A  weight  and  balance  data.  Measured  sig¬ 
nals,  used  cither  3S  inputs  or  as  outputs,  arc  cor¬ 
rected  according  to  the  results  of  the  preceding  data 
compatibility  check 

So  far.  the  flight  icas  were  mainly  directed  to 
HO/FCL  investigat:  ms  (c.g.  pilot  commanded  doub¬ 
let  inputs  in  pitch/yaw/rnll  axis  arj  bank-to-bank 
maneuvers)  and  arc  therefore  not  well  suited  for 
PID  purposes.  Due  to  the  high  correlations  in  the 
various  control  deflections  and  aircraft  response,  it 
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was  necessary  to  reduce  the  SI  models  described 
in  [1].  Some  parameters  (e.g.  canard  effectiveness) 
were  set  constant  at  their  ADS-predicted  values 
realizing  that  errors  in  these  values  affect  the  esti¬ 
mates  of  the  other  derivatives.  In  other  cases,  influ¬ 
ences  of  two  correlated  parameters  were  combined 
into  one  derivative  (e.g.  aileron/rudder  effectiveness 
and  yaw/roll  damping). 


5.1  Longitudinal  Motion 

Drag,  lift  and  pitting moment  coefficients,  CDRAG, 
CLIFT  and  CntnC,  define  the  aerodynamic  model 
for  the  longitudinal  motion.  It  contains  the  following 
parameters: 

COO,  CDALPHA,  CDTES, 

CLO,  CLALPHA,  CLTES, 

CmO,  CmALPHA,  CmTES,  CmQ,  CmCAN, 
and  CmSIGMA. 

To  avoid  high  correlations  between  the  parameter 
estimates,  e.g.  between  CDO  and  CDALPHA,  the 
model  is  written  in  terms  of  deviations  of  the  state 
and  control  variables  from  their  trim  values.  In  this 
way,  the  coefficients  CDO,  CLO  and  CmO  represent 
the  values  of  CDRAG,  CLIFT  ar.u  CmAC  at  the 
respective  trim  point.  Their  estimates  depend  direct¬ 
ly  on  the  thrust  as  calculated  from  the  thrust  model 
which,  however,  seems  to  provide  incorrect  values 
for  high  power  settings.  The  trim  values  of  the  indi¬ 
vidual  variables  arc  estimated  in  a  preceding  step. 

Two  typical  longitudinal HQ/FCL  test  maneuvers  are 
presented  in  Figure  6.  Due  to  dynamic  pitch  stick 
inputs,  the  FCL  command  simultaneous  deflections 
of  canard  CAN,  symmetric  trailing  edge  flaps  TES, 
and  thrust  vector  in  pitch  SIGMA.  The  control  com¬ 
mands  are  additionally  correlated  to  the  aircraft 
states  (in  particular  pitch  rate  Q )  due  to  the  feed 
back  in  the  FCL.  Consequently,  not  all  pitching 
moment  derivatives  CmALPHA,  CmQ,  CmTES, 
CmCAN,  and  CmSIGMA  can  be  estimated  indepen¬ 
dently  from  those  maneuvers.  In  the  course  of  high 
AoA/PST  maneuver  evaluation,  the  following  pro- 
ccdu.x  was  found  to  be  adequate: 

►  CmCAN  and  CmTES  were  kept  fixed  on  their 
ADS  predictions. 

►  CmSIGMA  was  estimated  (TV  influence 
increases  with  AoA  in  contrast  to  CmTES), 

►  some  other  parameters  (e.g.  CmQ  and 
CDTES)  were  occasionally  kept  fixed  on  their 
ADS  predictions  (otherwise  these  parameters 
would  diverge  to  unreasonable  values  because 
of  their  snail  influence  in  the  respective  man¬ 
euver), 

►  if  necessary,  quadratic  terms  (c.g.  CDTESZ) 
were  included. 


I4-J 

The  use  of  ADS  predictions  for  CmCAN  was  jus¬ 
tified  by  earlier  evaluations  of  flight  tests  with  single 
surface  excitation  in  the  conventional  AoA  regime 
using  the  X-31A  flutter  test  box  [2J. 

The  flight  conditions  in  which  the  longitudinal 
motion  was  evaluated,  arc  presented  in  Figure  7  as 
Mach  versus  AoA.  After  adding  strokes  at  the  aft- 
body  of  the  X-.S1A,  the  longitudinal  handling  qual¬ 
ities  were  rated  well  and  only  a  few  pitch  doublet 
maneuvers  were  flown  in  the  high  AoA/PST  regime. 
Representative  identification  results  arc  shown  in 
Figure  8  in  comparison  to  the  respective  predictions. 
Drag  and  lift  due  to  angle  of  attack,  CDALPHA  and 
CLALPHA,  are  well  identifiable  and  close  to  the 
predictions.  The  longitudinal  stability  CmALPHA 
shows  relatively  large  scatter  and  greater  discrep¬ 
ancies  to  the  predictions  which  by  themselves  have 
no  clear  dependence  on  AoA. 

The  identified  thrust  vector  effectiveness  is  presented 
in  Figure  8d  for  the  X-31A  with  aft-strokes.  Here, 
CmSIGMA  is  related  to  the  normalized  thrust  and 
therefore,  the  X-31A  thrust  model  predictions  are 
constant  for  all  flight  conditions.  The  estimated  TV 
effectiveness  shows  large  scatter,  and  the  values  at 
low  AoA  differ  significantly  from  the  predictions. 
This  may  be  caused  by  possible  errors  in  the 
cnginc/TV  model,  as  mentioned  above,  and  by  the 
fixing  of  the  trailing  edge  flap  effectiveness  CmTES 
at  its  ADS  predictions. 


5.2  Lateral-directional  Motion 

Figure  9  illustrates  the  problems  facing  the  parame¬ 
ter  identification  from  pilot  generated  maneuvers  at 
higher  AoA  It  shows  a  bank-to-bank  roll  around  the 
velocity  vector  at  54  deg  AoA  0-26  Mach  and  27  kft 
(8200  m)  alfitude.  The  FCL  commands  not  only  lead 
to  highly  correlated  control  deflections  of  aileron  and 
TV,  TEA  and  KAPPA,  but  also  to  highly  correlated 
roll  and  yaw  rates,  P  and  R.  Furthermore,  little 
excitation  in  lateral  acceleration  and  sideslip  make 
the  identification  of  lateral  force  derivatives  rather 
inaccurate.  To  gain  higher  accuracy,  single  surface 
excitation  is  a  prerequisite. 

For  the  identification  of  the  lateral-directional 
motion,  some  modification  compared  to  the  earlier 
SI/P1D  (2)  were  made  to  account  for  the  deficiencies 
in  the  evaluated  high  AoA/PST  flight  test  data: 

►  The  parameter  estimation  was  executed  by 
using  NLKAL  to  account  for  process  noise 
and  to  overcome  stability  problems,  as  men¬ 
tioned  above. 

►  Due  to  the  high  correlations  between  roll  rate 
and  yaw  rate,  the  derivatives  CYP,  CIP  and 
CnP  resp.  CYR,  CIR,  and  CnR  could  not  be 
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estimated  separately.  Therefore,  combined 
derivatives  CYP*,  CIP*  and  CnR*  were  intro¬ 
duced. 

►  The  above  mentioned  correlations  between 
the  thrust  deflection  angle  in  ysw,  KAPPA, 
and  the  aerodynamic  control  deflections  make 
it  impossible  to  estimate  the  TV  effectiveness 
in  yaw,  CnKAPPA,  together  with  the  aerody¬ 
namic  control  parameters.  For  this  reason, 
CnKAPPA  was  fixed  on  65%  of  the  predicted 
value  _  identified  previously. 

►  The  rudder  effectiveness  was  set  to  zero  for 
AoA  above  40  deg  because  the  rudder  com¬ 
mand  is  faded  out  by  the  FCL  for  high  AoA. 

Thus,  beside  the  initial  values  of  the  states,  the  fol¬ 
lowing  aerodynamic  parameters  were  generally  esti¬ 
mated  from  maneuvers  in  high  AoA/PST  flight 

CYO,  CYBETA,  CYP *,  CYTEA,  CYRUD, 

CIO,  CIBETA,  CIP*,  CSTEA,  CIRUD, 

CnO,  CnBETA.  CnR*,  CnTEA,  CnRUD. 

The  high  AoA/PST  flight  conditions  evaluated  so  far 
in  the  lateral-directional  motion,  are  shown  in 
Figure  10  as  Mach  versus  AoA  In  Figure  11,  three  of 
the  derivatives  listed  above,  namely  CYBETA, 
CITEA,  and  CnR *  arc  presented  in  comparison  to 
their  ADS  predictions.  The  sideforce  due  to  sideslip, 
CYBETA,  shows  large  scatter.  This  could  be 
expected  as  there  is  nearly  no  excitation  in  the  lat¬ 
eral  acceleration.  The  derivative  ClTEA  is  the  para¬ 
meter  which  was  best  identifiable.  The  results  indi¬ 
cate  that  the  decline  in  aileron  effectiveness  starts 
earlier  than  predicted,  at  about  30  deg  AoA  The 
combined  yaw  damping 

CnR *  =  CnR  +  CnP.PIR 

also  shows  large  scatter  due  to  insufficient  excitation 
of  the  aircraft  eigen  motion.  The  predictions  for 
CnR*  were  calculated  from  the  ADS  values  of  CnP 
and  CnR  by  setting 

P I R  a;  col  (ALPHA). 

which  corresponds  to  the  ratio  for  ideal  rolling 
atound  the  velocity  vector. 


«.  NONLINEAR/INSTATIONARY  EFFECTS 

To  support  the  X-31A  flight  testing  with  respect  to 
flight  envelope  expansion  and  aerodynamic  data  set 
validation,  SJ/PID  has  been  applied  so  far  to  pilot 
maneuvers  which  were  flown  with  relatively  small 
and  slow  changes  of  flight  conditions  around  the 
respective  trim  point  The  future  evaluation  of  large 
amplitude  and  high  dynamic  maneuvers  however, 


calls  for  the  Inclusion  of  oonlinear  and  Instationaty 
effects  in  the  identification  models. 

Typical  maneuvers  that  generate  Instationaty  effects 
in  the  longitudinal  aerodynamics  are  pitch  steps  and 
abrupt  putlup  maneuvers  as  repeatedly  flown  by  the 
X-31A  These  maneuvers  are  characterized  by  AoA 
variations  around  the  aerodynamic  lift  maximum  in 
combination  with  high  pitch  rates.  The  time  histories 
of  an  abrupt  pullup  and  a  quasistatic  deceleration 
maneuver  are  shown  in  Figure  12a.  The  correspon¬ 
ding  aerodynamic  lift  CL_ac  is  plotted  versus  AoA 
in  Figure  12b.  In  the  case  of  the  abrupt  puliup 
maneuver,  the  hysteresis  in  CL_ce  due  to  dynamic 
lift  effects  can  be  seen  clearly. 

On  the  basis  of  lately  achieved  PID  results,  DLR  will 
develop  a  longitudinal  PID  model  which  includes 
both,  nonlinear  and  hysteresis  effects  for  the  X-31A 
high  AoA  regime.  Thus,  the  identification  of  instatio¬ 
nary  effects  as  described  above  wiU  become  appli¬ 
cable. 


7.  CONCLUSIONS 

X-3IA  system  identification  was  carried  out  for 
angles  of  attack  up  to  70*  and  Mach  numbers  up  to 
0.9.  The  identification  was  mainly  based  on  pilot 
generated  doublet  Inputs  and  banic-to-bank  maneu¬ 
ver  whicn  arc  non-optimal  with  respect  to  SI/PID. 
The  FCL-causcd  high  correlation  in  the  control 
effector  deflections  and  in  the  state  variables  enables 
only  reductd/combmcd  parameter  identification. 
Due  to  the  non-oplimal  excitation  of  the  aircraft 
motion,  the  SI/PID  results  show  partly  large 
uncertainty  levels  and  scatter,  especially  in  the  lat¬ 
eral-directional  aerodynamics.  Nevertheless,  the 
X-31A  aerodynamic  data  set  could  be  verified  on  the 
whole  with  the  exception  of  some  obvious  discrep¬ 
ancies  in  the  lateral-directional  motion. 

The  thrust  vector  effectiveness  could  be  identified 
separately  in  the  AoA  regime  below  30  deg.  The  TV 
effectiveness  in  pitch  is  close  to  the  predictions 
whereas  the  TV  effectiveness  in  yaw  is  lower  lhan 
predicted. 

Within  a  X-31A  follow-on  program  under  discussion, 
future  SI/PID  is  scheduled  to  be  directed  to: 

►  supersonic.  PID  with  single  surface  excitation 
(aerodynamic  control  surfaces  only), 

►  high  AoA  PID  with  single  effector  excitation 
(aerodynamic  control  surfaces  and  thrust 
vector), 

►  nonlincar/instationary  actodynamics  as  occur¬ 
ring  in  case  of  large  ampiitude/high  dynamic 
maneuvers. 
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10.  FIGURES 


Figure  I.  X-31A  In  high  AoA  {light 
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Figure  2  DLR  computer  system  for  X-31A  on-site  flight  test  data  evaluation 
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Figure  3.  6- DOF  flight  path  reconstruction  for  data  compatibility  check  (a/c  I,  flights  121-123) 
- flight  test  data,  —  model  output 
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Figure  4.  TV  effectiveness  Identification:  Pitch  doable!  maneuvers  from  TV  enfijcd  flight 
- flight  lest  data,  —  mooel  output 

a)  model  without  TV  derivatives,  b)  model  wjtli  TV  derivatives  included 
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Figure  5.  IV  effectiveness  Identiflcatloiu  Identified  derivatives  a)  in  pitch,  t;  in  yaw 
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1.  SUMMARY 


The  X-31  is  a  research  aircraft  built  to  explore  the 
tactical  benefits  of  enhanced  fighter  maneuverability 
which  *i  possible  through  the  use  of  thrust  vectoring. 
This  paper  gives  background  information  n  the 
program  and  on  the  aircraft.  The  high  angle  of  attack 
envelope  expansion  phase  is  covered;  detailing  aircraft 
modifications  that  were  required.  The  tactical  utility 
phase  of  testing,  including  simulation  and  flight 
testing,  is  discussed.  Helmet  mounted  display  and 
supersonic  thrust  vectoring  tests  planned  for  the  near 
future  arc  briefly  discussed. 

2.  INTRODUCTION 


2.1  Background 

The  X-31  is  i  research  aircraft  under  evaluation  by  an 
International  Test  Organization  (ITO)  at  Edwards  AFB, 
CA.  The  program  is  sponsored  by  the  U.S.  Advanced 
Research  Projects  Agency  (ARPA1  and  the  German 
Federal  Ministry  of  Defense  (FMOD).  The  U.S.  Navy 
was  selected  to  act  as  ARPA's  agent  for  the 
managem  ,nt  of  the  program.  The  ITO  is  made  up  of 
contractor  and  government  organizations  from  the  U.S. 
and  the  Federal  Republic  of  Germany.  The  U.S. 
government  participants  include  the  Navy,  the  National 
Aeronautics  and  Space  Administration  (NASA),  and  the 
U.S.  Air  Force.  The  principal  U.S.  contractor  is 
Rockwell  International  (RI).  The  German  government 
participation  includes  the  FMOD,  the  German  Air 
Force,  the  German  Aerospace  Research  Establishment 
(DLR).  and  WTD-61  (the  government  flight  test  center). 
The  principal  German  contractor  is  Deutsche  Aerospace 
(DASA). 


The  program  utilizes  six  project  pilots,  one  each  from 
the  U.S.  Navy,  NASA,  U.S.  Air  Force,  German  Air 
Force,  WTD-61,  and  Rockwell  International.  The  X-31 
stems  from  efforts  in  bo'h  countries  to  develop  highly 
"•lancuverable  aircraft.  Rockwell  had  experience 
..orlcing  on  the  remotely  piloted  Highly  Maneuverable 


Aircraft  Technology  (HiMAT)  program  in  the  early 
1980’s,  while  DASA’s  Dr.  Wolfgang  Herbst  had  long 
been  a  proponent  of  the  use  r '  post-stall  maneuvering 
to  gain  the  edge  during  close-in-air  combat.  Numerous 
simulations  had  validated  Dr.  Hrbst’s  theoretical 
concepts.  In  1986,  ARPA  let  a  contract  to  design, 
build,  arid  flight  test  two  aircraft  to  prove  the  concepts 
of  enhanced  fighter  maneuverability  (EFM).  Principal 
to  EFM  is  the  use  of  thrust  vectoring  to  achieve  aircraft 
conrol  at  low  airspeeds  where  conventional 
aerodynamic  control  is  no  longer  possible. 

The  four  original  program  goals  were:  1)  rapid 
demonstration  of  EFM  maneuvering  concepts,  2) 
validation  of  a  low  cost,  international  prototyping 
concept,  3)  development  of  design  requirements  and  a 
data  base  for  future  aircraft  designers,  and  41 
investigation  of  the  tactical  benefits  of  EFM 
technology.  As  such,  primary  design  drivers  were  cost 
and  time.  This  led  to  the  substantial  use  of  off-the-shelf 
components  which  were  already  flight  qualified. 
Another  critical  design  requirement  for  EFM 
perfonrai<cc  w.  •  a  bigi.  thrust-tc-weight  ratio.  This  led 
to  exten.  ive  efforts  to  keep  the  aircraft’s  weight  as  low 
as  possible.  Th*  requirements  of  a  rapidly  built,  low 
cost,  low  weight  aircraft  drove  most  of  the  decisions 
made  in  the  design  process.  To  keep  weight  doom,  no 
weapons  system  or  radar  were  included;  nor  was  ihe 
aircraft  given  the  capability  for  in-flight  refueling. 
However,  certain  safety  requirements,  such  as  a 
hydrazine  powered  emergency  power  unit  and  emergency 
air-start  system  were  included  despite  their  weight. 
DASA  had  responsibility  for  the  flight  control  laws, 
wings,  and  thrust  vector  paddles.  RI  had  overall  design 
integration  responsibility.  Design  of  the  aircraft  began 
in  1987,  construction  began  in  1989,  and  the  first  flight 
of  aircraft  number  one  was  in  October  1990. 

The  first  1 10  flights  were  condUvied  from  RI’s 
Palmdale,  CA  facility.  During  these  flights,  flutter 
testing  was  completed  as  '"*.11  a,  ihe  majority  of  the 
conventional  anglc-of-attack  (AOA)  envelope  flying 
qualities  and  loads  testing.  The  initial  high  AOA  or 
post-stall  (defined  as  AOA’s  greater  than  30°)  flight 
testing  was  performed  with  testing  up  to  52°  AOA.  In 
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Januaiy  1992,  the  aircraft  were  flown  to  Edwards,  AFB. 
The  decision  was  made  to  move  the  flight  lest 
operations  to  NASA's  Dryden  night  Research  Facility 
to  take  advantage  of  their  expertise  in  high  AOA  flight 
research,  and  to  2dd  valuable  resources  (in  terms  of 
personnel  and  support  facilities)  to  the  program.  At 
approximately  the  same  time,  the  Air  Force  became 
involved  with  the  program,  supplying  engineering  and 
pilot  support  Since  the  first  1TO  flight  in  April  1992, 
over  200  test  missions  have  been  flown  at  NASA 
Dryden,  with  over  300  total  flights  using  both  X-31s. 
All  envelope  expansion  required  to  support  the  tactical 
utility  testing  has  been  completed  and  the  tactical  utility 
phase  of  flight  testing  has  begun. 


2.2  Aircraft  Description 

The  X-3 1  is  chaiacteozed  by  a  low  mounted  double-delta 
wing,  forward  mounted  canards,  three  carbon-carbon 
paddles  for  vectoring  engine  exhaust,  a  single  vertical 
tail  with  a  conventional  rudder,  and  an  F-13  nubble-type 
canopy  enclosing  a  single  pilot  cockpit.  The  aircraft  is 
equipped  with  an  extended  nose  mouthed  air  data  boom, 
has  conventional  speedbndas  mounted  or.  both  sides  of 
the  aft  fuselage,  and  has  an  air  inlet  lip  which  schedules 
down  with  AOA  to  provide  adequate  air  flow  to  the 
engine  at  high  AOA.  The  ahcralVs  external  dimensions 
arc  given  in  figure  1. 


Surface  Dimension* 


Wing 

ArM-fl2  (rt.2  )  226.3(21.0) 

Asp«ct  Ratio  2.3 


Empty 

Max 


12,000(5,450) 
16,200  (7,350) 


Figure  1.  X-31  Dimensions 


The  aircraft  is  approximately  the  size  of  an  A-4 
Skyhawk.  The  X-31  weighs  12,000  !b  (5,450  kg) 
empty  and  can  carry  up  to  4.200  lb  (1,900  kg)  of  fuel. 
The  aircraft  is  cn nipped  with  a  single  General  Electric 
F404-GE-400  engine  rated  at  16,000  lb  (71,200  N) 
maximum  thrust  for  uninstalled,  sea-level,  standard  day 
conditions.  To  date,  the  engines  have  performed 
flawlessly  during  h.gh  AOA  operations.  Once  selected 
by  L* :  pilot,  the  operation  of  the  thrust  vectoring  vanes 
(TV  - )  is  transparent,  with  the  flight  control  system 
dividing  the  required  surface  deflections  between  the 
TVV’s  and  the  conventional  control  surfaces. 
Depending  upon  the  flight  condition  (AOA,  center  of 
gravity,  etc.),  the  X-31  unaugmcnteO  ai  frame  is 


statically  unstable  both  longitudinally  and  latcral- 
direciionaily.  The  aircraft  also  has  unstable  (propelling) 
roll  damping  above  25°  AOA. 

2.3  Flight  Control  System 

The  flight  control  system  of  the  X-31  is  a  full 
authority,  multi-feedback  digital  fly-by-wire  system. 
'Pits  aircraft  has  three  primary  flight  control  computers 
and  a  fourth  computer  which  is  used  as  a  tie-breaker  for 
flight  control  sensor  redundancy  management. 
Ixmgitudinally.  the  pilot  control  stick  commands  Nr 
(through  an  Nz  prediction  based  on  AOA)  at  high 
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airspeeds  and  commands  AOA  at  low  airspeeds. 
Laterally,  pilot  stick  commands  stability  axis  roll  rate. 
Directionally,  pilot  rudder  pedal  commands  sideslip. 
The  maximum  sideslip  command  decreases  from 
approximately  5tx  degrees  at  30°  AOA  to  zero  degrees  at 
45°  AOA. 


There  arc  two  trailing  edge  flaps  (TEFs)  per  wjng 
which  arc  deflected  in  unison.  The  TEFs  are  the 
primary  control  surfaces  for  pitch  and  roll.  The  TEFs 
are  prioritized  for  pitch  then  roll  control;  however,  no 
priority  is  assigned  to  the  TVV's  between  pitch  and 
yaw.  The  TEFs  are  used  to  compensate  for  the  nose  up 
pitching  moments  created  by  engine  gyroscopic  and 
inertial  coupling  effects. 

The  canards  were  included  on  the  aircraft  to  ensure 
sufficient  aerodynamic  nose  down  moments  to  recover 
from  high  AOA  in  the  case  of  a  TVV  malfunction.  The 
canards  only  move  symmetrically  and  remain  unloaded, 
staying  at  the  same  angle  (trailing  edge  up)  as  the 
aircraft's  AOA,  up  to  about  45°.  Upon  a  nose  down 
command,  the  canards  can  then  move  to  their  maximum 
deflection  of  70°  (trailing  edge  up)  to  create  a  nose  down 
pitching  moment. 

When  not  used  for  thrust  vectoring,  the  TVV's  can  be 
used  as  speed  brakes,  extending  into  the  freest^  am  when 
commanded  by  the  pilot.  They  can  be  used 
independently  or  with  the  conventional  speedbrakes. 
However,  flight  testing  has  shown  that  little 


deceleration  performance  is  gained  when  using  the 
TVV's  in  addition  to  the  conventional  speedbrakes.  If 
extended  as  speedbrakes,  the  flight  control  logic  will 
retract  the  TVV's  while  decelerating  above  30°  AOA. 

The  aircraft  is  equipped  with  leading  edge  flaps  (LEFs) 
to  provide  optimal  camber  at  low  AOA's  and  to 
improve  stability  and  control  characteristics  at  higher 
AOA's.  The  LEFs  move  symmetrically  and  are 
scheduled  as  a  function  of  AOA. 


2.4  EFM 


To  the  X-31  program,  EFM  means  the  ability  to  pitch 
and  roll  the  aircraft  at  high  AOA/low  airspeed  flight 
conditions  where  conventional  aircraft  are  unable  to 
maneuver.  Simulations  and  analyses  have  determined 
that  this  capability  greatly  increases  an  aircraft's 
lethality  during  close-in  combat.  The  ability  to 
maneuver  at  higher  AOA's  can  only  be  achieved  with 
thrust  vectoring,  since  standard  flight  control  surfaces 
are  ineffective  at  low  dynamic  pressure.  The  X-31 
performs  coordinated  (zero  sideslip)  stability  axis  rolls. 
Stability  axis  rolls  are  a  combination  of  body  axis  .11 
and  yaw  rate.  The  relationship  is  given  by  'he 
following  equation  (for  the  zero  sideslip  case); 

Pstab  =  Pbody  *  cos(AOA)  +  Rbody  '  sin(AOA) 

The  effect  that  increasing  AOA  has  on  the  components 
that  make  up  Pstab  is  illustrated  in  figure  2. 


Angle  of  A  tack  (deg) 


Figure  2.  Effect  of  AOA  on  Body  Axis  Rata  Contribution  to  Coordinated  Stability  Axis  Roll  Rate 


This  relationship  is  very  important  to  undc.standing 
one  of  the  X-31's  main  advantages  during  close-in- 


combat.  As  can  be  seen  from  figure  3,  the  X-31's 
stability  axis  roll  rate  at  150  KCAS  (278  km/h)  /  70° 
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AOA  is  approximately  45  “Is.  Tbis  means  that  the 
aircraft  has  a  body  axis  yaw  rate  of  42  °/s.  Typically, 
the  flight  path  is  rotated  downward  70  to  90°  during 
sustained  70°  AOA  maneuvering.  For  these  values  of 
flight  path  and  AOA,  a  42  “Is  body  axis  yaw  rate  causes 
beading  to  change  at  approximately  the  same  rate; 
giving  the  aircraft  a  maximum  turn  rate  of  almost  42  “Is 
at  150  KCAS  (278  krti/h).  By  comparison,  current 
fighters  have  a  maximum  turn  rate  of  only  about  10  “Is 
at  this  flight  condition.  Maximum  turn  rate  is  not  the 


sole  determining  factor  in  a  close-in  combat 
engagement,  but  this  example  clearly  indicates  the 
enormous  potential  benefit  of  thrust  vectoring.  It 
should  be  noted,  however,  that  the  X-31  was  designed  to 
have  high  specific  excess  power  (Ps)  and  high  agility  at 
low  AOA’s  along  with  the  additional  capabilities  offered 
by  thrust  vectoring.  Thrust  vectoring  was  viewed  as  an 
addition  to,  not  as  a  substitute  for,  a  good  basic  fighter 
aircraft  design. 


3.  HIGHLIGHTS  OF  ENVELOPE 
EXPANSION 


The  progress  made  by  the  X-31  team  during  envelope 
expansion  has  been  remarkable.  In  slightly  over  a  year, 
the  aircraft  progressed  from  not  being  permitted  to  fly 
above  50°  AOA  to  being  able  (o  perform  virtually  any 
desired  high  AOA  maneuver  up  to  the  designed  limit  of 
10“  AOA.  This  progress  was  the  result  of  hard  work 
and  dedicauon  by  the  ITO  personnel.  Some  of  the 
highlights  of  the  steps  toward  the  current  highly  capable 
X-31  are  discussed  below. 


3.1  Aft  Strakes 


During  one  of  the  early  PST  expansion  flights,  while 
performing  a  slow  deceleration  to  52°  AOA  in  aircraft 
-  o.  the  pilot  was  forced  to  apply  full  lateral  stick  to 
uiaintain  wings  level  flight.  This  proved  to  be  a  very 
interesting  and  important  test  point.  The  pilot  did  not 
realize  it  at  the  time,  but  he  had  lust  roll  control 
authority.  That  was  due  to  the  fact  that  the  pitch 
priority  control  system  was  using  considerably  more 
symmetric  TEF  deflection  (trailuig  edge  down)  than  was 
predicted  to  maintain  die  commanded  AOA  This  in 


turn  limited  the  amount  of  differential  TEF  deflection 
available  for  roll  control.  Further  analysis  determined 
that  there  was  a  significant  change  in  aircraft  pitching 
moment  due  to  a  change  in  the  aft  fuselage  made  during 
the  latter  phase  of  design.  The  original  design,  winch 
was  used  for  the  majority  of  the  wind  tunnel  tests,  had 
externally  mounted  pods  which  contained  the  lower 
TVV  actuators.  The  pods  were  then  enclosed  in  a 
simpler,  constant-area  aft  fuselage  design  for  ease  of 
construction,  it  turned  out  that  the  original  design’s 
external  TVV  actuator  housings  gave  the  aircraft 
considerably  more  nose  down  pitching  moment  and 
served  a  strake-like  role.  After  considering  a  number  of 
at.emativcs  to  solve  the  pitching  moment  problem 
(control  law  rc-dcsigr,,  nose  ballasting),  it  was  decided 
that  aft  mounted  strakes  would  be  the  best  solution. 
Several  designs  were  proposed  and  investigated  in  the 
wind  tunnel  at  NASA  Langley.  The  location  finally 
decided  upon  was  a  compromise  of  performance  and  case 
of  installation.  The  straxes  were  installed  on  the  lower 
aft  fuselage,  under  the  speedbrakes.  They  arc  65  in 
(165.1  cm)  long  and  6  in  (15.2  cm)  wide  and  arc 
inclined  13°  leading  edge  down  (the  same  angle  as  the 
fuselage  at  that  point).  Provisions  were  made  to 
bolt/unbolt  various  sized  and  shaped  strakes  if  required. 
Once  the  first  set  of  strakes  were  installed  on  the 
aircraft,  the  pitching  moment  was  much  closer  to  the 
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value  that  was  used  in  the  control  law  design.  This 
change  is  shown  in  figure  4.  With 


this  change  in  place,  1  g  envelope  expansion  to  70° 
AO  A  was  pleted. 
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Figure  4.  Influence  of  Aft  Strokes  on  Trim  Trailing  Edge  Flap  Position 
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3.2  AOA  Limiter 


During  early  post-stall  flight  testing,  prior  to  the 
addiuon  of  aft  strokes,  with  the  limit  of  50°  AOA  in 
place,  inadvertent  overshoots  as  high  as  60°  were  seen. 


This  was  not  unexpected,  given  the  high  longitudinal 
stick  sensitivity  for  commanding  AOA  in  post-stall. 
As  seen  in  figure  5,  0.2  in  (0.5  cm)  of  af;  stick 
movement  equates  to  a  5°  AOA  command. 


•  • 


Longitudinal  Stick  Deflection  (In) 


Figure  5.  X-31  Longitudinal  Stick  Force  vs.  Deflection 
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It  wa>  thought  that  the  control  stick  characteristics 
would  be  acceptable  for  tactical  utility  flight  test; 
however,  more  precise  AOA  control  was  desired  for  the 
clinical  envelope  expansion  maneuvers.  For  this 
reason,  a  pilot  selectable  AOA  limiter  was  introduced 
into  the  flight  control  software.  It  selects,  in  5° 
inctcments,  the  maximum  AOA  command  for  full  aft 
stick.  It  contributed  greatly  to  being  able  to  precisely 
reproduce  flight  conditions  to  gather  data  for  analysis 
and  was  of  major  benefit  during  envelope  expansion. 

3.3  Nose  Modifications 


The  next  aerodynamic  challenge  for  the  X-31  at  high 
AOA  was  yaw  asymmetry.  Once  we  began  flying 
above  50°  AOA,  pilots  reported  numerous  side  force 
kicks  which  they  referred  to  as  "lurches".  It  was  also 
noted  that  aircraft  two  was  more  susceptible  to  these 
lurches  than  was  aircraft  one.  Thus  began  an  intense 
period  of  measuring  and  weighing  tbe  two  aircraft  to  sec 
if  any  external  differences  could  be  detected.  No  glaring 
external  differences  could  be  determined.  NASA 
aerodynamicists  suggested  the  addition  of  "grit”  to  the 
nose  area  as  a  way  of  reducing  the  aerodynamic 
asymmetries  by  forcing  symmetric  flow  separation. 
Grit  (a  substance  with  individual  grains  the  size  of  very 
small  pebbles)  was  then  added  in  thin  (approximately 
1/4  inch  (1/8  cm))  strips  to  the  radomc  and  noseboom. 
The  grit  strips  seemed  to  reduce  the  asymmetries  to  an 
acceptable  level  and  the  envelope  expansion  continued. 
The  next  major  hurdle  was  entries  to  PST  at  elevated  Nz 
values.  During  the  first  flight  investigating  this  area, 
using  aircraft  two,  a  departure  from  controlled  flight 
occurred.  The  test  maneuver  was  a  split-s  from  0.4 
Mach  at  30.000  ft  (9,100  m)  to  60°  AOA.  On  the 
previous  two  maneuvers  to  45°  AOA  no  indications  of 
an  impending  departure  had  been  seen.  On  the  departure 
maneuver,  a  large  yaw  asymmetry  was  encountered 
above  50°  AOA  which  caused  a  rapid  build-up  in 
sideslip  and  a  departure  at  58°  AOA.  The  aircraft 
quickly  self-recovered  after  320°  of  heading  change  with 
maximum  AOA  and  yaw  rates  of  76°  and  70°/s, 
respectively.  This  flight,  in  late  November  1992,  was  a 
major  setback  for  an  aircraft  which  had  been  designed  to 
be  "departure  proof”  with  "carefree"  handling. 
Considerable  work  began  on  both  control  law  and 
aerodynamic  fixes  to  the  aircraft  to  prevent  such  a 
departure  from  rcoccurring  Had  this  flight  test  point 
been  performed  with  aircraft  one  instead  of  aiicral't  two, 
the  departure  may  not  have  occurred;  thus  delaying  the 


necessary  improvements.  For  this  reason,  tbe  departure 
was.  in  the  long  run,  a  very  good  thing  for  the  X-31 
program. 

Asymmetric  forcbody  vortex  shedding  was  seen  as  die 
cause  of  tbe  problem  ar.d  it  needed  to  be  controlled  more 
effectively  than  it  was  with  the  grit  strips  alon<\  It  w3S 
critical  to  force  the  vortices  to  burst  at  the  same  point 
on  the  left  and  right  sides  of  the  nose.  In  order  to  force 
symmetric  transition  of  the  vortices,  it  was  decided  to 
try  using  strokes  mounted  on  the  nose.  Strokes  of 
various  sizes  and  locations  were  investigated  in  the  wind 
tunnel  at  NASA  Langley.  In  addition,  a  ,-;udy  cf 
previous  research  indicated  that  aircraft  with  blunt  nose 
tips  had  less  severe  asymmetries  than  aircraft  with  very 
sharp  nose  tips.  The  nose  tip  of  the  X-31  was  very 
sharp,  having  essentially  a  zero  radius  of  curvature. 
While  carefully  measuring  the  nose  of  the  13%  scale 
wind  tunnel  model,  it  was  determined  that  the  model  had 
always  had  a  "blunt"  nose,  with  approximately  the  same 
radius  of  curvature  (0.6  in  or  1.5  cm)  as  planned  for  the 
X-31.  So,  in  order  to  investigate  the  effects  of  nose  tip- 
radius  on  asymmetric  behavior,  the  model's  nose 
actually  had  to  be  made  sharper. 

The  wind  tunnel  and  design  studies  resulted  in  the  nose 
tip  being  blunted  to  a  radius  of  0.6  in  (1.5  cm).  Nose 
strokes  measuring  0.6  in  (1.5  cm)  wide  by  20  in  (50.8 
in)  long  were  placed  horizontally  down  the  fuselage, 
starting  from  the  tip  of  the  nose.  The  effect  on  the 
yawing  moment  charactcrisucs  as  a  function  of  sideslip 
angle  are  shown  in  figure  6.  The  wind  tunnel  data 
given  is  for  60°  AOA.  As  can  be  seen,  the  combined 
changes  to  the  aircraft's  nose  greatly  lessened  its  static 
directional  instability  at  60°  AOA.  The  significant 
difference  in  data  between  the  model  s  original  blunt, 
unstraked  nose  and  the  aircraft  representative  sharp  nose 
may  help  to  explain  why  the  dc|>anare  was  not  predicted 
before  it  occurred. 

The  modifications  were  made  to  the  aircraft's  nose 
within  two  weeks  of  the  completion  of  wind  tunnel 
testing.  With  the  modifications  completed,  envelope 
expansion  testing  continued,  based  upon  the  positive 
wind  tunnel  predictions. 

While  flight  testing  pressed  on,  engineering  work 
continued  on  improving  the  aircraft's  control  laws  and 
control  power,  'fhese  arc  discussed  in  section  3.5. 
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Sideslip  (dsg) 


FiQur6  6.  Sfoct  wi  Nose  Modifications  ori  Yaw'-rj  Moo  tent  Characteristics  at  60®  AOA  • 


3.4  Nostboom  Modifications  iTO  engineers  came  up  with  the  idea  of  using  a  Kiel 

type  pitot-static  probe  on  the  tip  of  the  nosebocm. 

.  .  .  ,  .  .  .  Wind  tunnel  data  from  reference  1  (dating  from  the 

The  next  major  improvement  to  the  aircratt  involved  1950’s)  indicated  that  position  error  remained  very  small  •  £ 

improving  sideslip  control.  This  was  a  fairly  up  to  approximately  65°  for  the  Kiel  probe.  Since  the 

complicated  iss*c.  The  aircraft  uses  menial  navigation  x_3;  ^  ^gited  to  fly  and  maneuver  at  70°  AOA.  the 

unit  (iNU)  data  as  truth  data.  Tbc  INU  data  is  compared  p,^  was  camed  down  10«  from  the  noseboom. 

with  flight  control  sensor  data  for  redundancy  increasing  its  range  of  effectiveness  to  approximately 

management  purposes.  jy  A0A  To  our  knowledge,  die  X-31  is  the  first 

aircraft  to  use  a  Kiel  probe.  We  suspect  that  this  is  due 

With  respect  to  air  data  information,  the  INU  is  updated  to  tbe  fact  that  reference  1  slated  that  there  are  problems  • 

with  pitot-static,  AOA.  and  angle  of  sideslip  (AOSS)  titled  probes  (such  as  the  Kiel)  supersonically, 

from  the  noseboom.  Tbe  initial  control  laws  only 

updated  the  INU  with  noseboom  data  up  to  35°  AOA.  mta  the  wa$  nown  abovc  ^  A0A  for  thC 

Above  35°  AOA.  the  INU  continued  to  use  its  last  first  time,  a  bounded  oscillation  was  seen  on  the 

update.  During  flight  tesung  at  high  AOA.  descending  noseboom  AOSS  vane.  It  occurred  at  approximately 

altitude  condtuons,  changes  in  wind  direetton  and/or  62°  aoa  and  was  at  4  Hz  with  a  magnitude  of  ±15°.  • 

magnitude  could  cause  a  significant  difference  between  Tbe  drift  between  INU  and  noseboom  AOA  and  AOSS 

tbc  INU  calculated  and  nosebeem  values  of  AOA  and  was  stil|  above  50°  AOA  and  it  was  desired  to 

AOSS.  The  flight  control  laws  were  using  the  INU  Mlend  rjlgc  of  updating  the  INU  to  70°  AOA.  This 

supplied  values  as  the  truth  data  and  were  attempting  to  would  not  be  possible  with  tbc  AOSS  vane  oscillation. 

match  the  commanded  AOA  and  AOSS  to  the  feedback  [lere  a  simiIar  approach  was  taken  as  for  the  Kiel 

values  from  the  INU.  This  caused  the  control  system  to  p^.  ^  A0SS  vane  wouid  be  canted  down  20°  from  • 

chase  spurious  values  of  AOA  and  AOSS.  Tbc  more  ^  noseboom.  This  idea  was  designed,  wind  tunnel 

critical  of  the  two  was  control  of  AOSS  As  seen  tn  ^  ^  ^  aircraft.  After  a  sufficient 

figure  6.  tbe  aircraft  was  not  able  to  tolerate  a  large  number  of  {lights  to  verify  the  operation  of  tbe  new  air 

magnitude  of  sideslip  at  high  AOA.  As  test  experience  data  boom  configuration,  the  flight  control  software  was 

increased,  the  range  of  AOA  for  updating  the  INU  with  modified  to  use  all  of  tbe  noseboom  information  up  to 

noseboom  AOA  and  AOSS  was  increased  to  50^.  Tie  72°  AOA  for  updating  the  INU.  Tbe  new  noseboom 

pitot-static  updating  of  the  INU  for  velocity  calculation  and  associated  control  law  changes  have  virtually  ® 

was  maintamed  at  35°  due  u>  the  large  velocity  position  cjimlnatod  erroneous  AOA  and  AOSS  signab  at  high 

error  of  the  probe  above  40°  AOA  For  this  problem,  aqA 
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3.5  Flight  Control  Law  Changes 

During  the  course  of  envelope,  expansion,  many 
improvements  were  made  to  the  night  control  laws. 
The  TVV  deflection  tables  were  revised  to  improve  their 
effectiveness.  The  trailing  edge  flap  rate  limit  was 
increased  from  60  to  80  7s  wnen  the  engine  core  RPM 
is  at  84  %  or  higher  (one  of  the  entry  conditions  for 
post-stall  flight).  Post-stall  AO  A  roll  /  yaw  command 
gains  were  adjusted.  A  new,  rnote  accurate  thrust 
estimation  algorithm  was  added.  This  made  the 
estimation  of  TVV  control  power  more  accurate  and  in 
turn  lead  to  larger  TVV  restoring  moments.  A  very 
important  addition  was  architecture  for  a  limited 
authority  integral  path  to  control  uncommanded  roll  rate 
and  sideslip  in  the  post-stall  regime.  These  are  only  the 
highlights  of  many  adjustments  and  additions  that  were 
made  to  the  control  laws  which  combined  to  greatly 
improve  the  aircraft's  handling  qualities  and  stability. 


3.5.1  Increased  Thrust  Vector  Vane  Travel 


The  departure  pointed  out  the  need  to  obtain  as  much 
control  power  from  the  thrust  vectoring  system  as 
possible.  The  engine  thrust  and  paddle  size  were  fixed, 
so  the  only  possibility  was  to  increase  the  TVV  range 
of  travel.  This  was  a  major  effort  that  required  a 
substantial  control  law  modification.  The  original 
travel  was  limited,  via  software  and  hardware  slugs  in 
the  TVV  actuators,  to  26°.  This  value  prevented  vanc- 
to-vanc  impact.  Analysis  determined  that  the  maximum 
usable  travel  for  the  paddles  was  35°  into  the  engine 
exhaust  plume.  Extensive  analysis  by  DASA  was 
required  to  revise  the  control  law  TVV  tables  to  allow 
for  this  increased  travel.  Additionally,  major  changes 
by  RI  in  redundancy  management  were  required,  because 
only  software  would  now  prevenf  vane-to-vane 
collisions.  Once  the  required  changes  were  made,  and 
the  aircraft  began  flying  with  increased  TVV  travel  in 
June  1993,  aircraft  control  was  greatly  improved. 


3.6  Lateral  Stick  Command  Scaling 


During  high  AOA  rolling  maneuvers,  it  was  discovered 
that  some  of  Uie  pilots  had  a  difficult  time  achieving  a 
full  roll  command.  The  reason  fot  this  was 
anthropometric  -  the  pilots  were  hitting  thrii  legs  with 
the  control  stick  before  they  reached  the  lateral  stops. 
Figure  7  helps  to  illustrate  this  problem.  To  command 
high  AOA,  the  stick  is  almost  all  the  way  afr,  nearly 
hitting  the  pilot's  ejection  seat.  At  full  aft  stick,  the 
lateral  stick  interference  problem  is  the  most  severe. 
This  interference  is  aggravated  by  the  stick  height. 
With  the  seat  up  to  the  desired  height  for  out  of  cockpit 
fteld-of-view,  the  stick  grip  is  not  much  above  the 
pilot's  thigb.  This  means  that  his  hand  is  between  his 
thighs  holding  the  stick  grip,  so  that  the  width  of  his 
hand  (and  obstruction  from  his  kneeboard)  also  restricts 
lateral  stick  deflection.  Investigation  into  a  solution 
revealed  that  a  hardware  fix  would  be  difficult,  so  a 
software  solution  was  devised.  Tbe  solution  was  to 
scale  the  lateral  stick  command  in  the  software,  linearly 
varying  it  with  longitudinal  slick  such  that  only  half 
lateral  stick  deflection  would  be  required  at  full  aft  slide 
for  a  full  roll  command.  Handling  qualities  engineers 
were  concerned  that  this  change  would  increase  lateral 
slick  sensitivity  and  would  remove  tactile  cueing  such 
that  pitots  would  not  bit  the  stick  stop  and  would  not 
know  if  they  haj  a  full  roll  command.  After  manned 
simulations  showed  no  adverse  sensitivity  effects,  tbe 
software  change  was  incorporated.  Subsequent  flying 
bas  verified  tbat  the  lateral  stick  sensitivity  was  not 
adversely  effected;  however,  some  pilots  do  not  like  the 
lack  of  tactile  cueing  of  a  full  roll  command.  Over  all, 
the  diange  has  bad  little  effect  on  handling  qualities. 
This  is  likely  due  to  the  fact  that  full  lateral  stick 
commands  (for  high  stability  axis  roll  rates)  are  short 
duration  events  during  tactical  engagements. 
Furthermore,  any  lateral  su’ek  problems  are  largely 
masked  by  the  high  longitudinal  stick  forces  and  AOA 
sensitivity. 
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(3.3  cm) 


Note:  Outer  border  indicates  mechanical  stops  of  st'ck. 
Figure  7.  X-31  Control  Stick  Range  of  Motion 


3.7  Aircraft  Differences 


Throughout  the  program,  envelope  expansion  has  been 
carried  on  by  whichever  aircraft  was  airworthy  at  the 
time.  At  almost  all  times,  one  of  the  aircraft  was  down 
for  an  inspection  or  modification.  The  initial  post -stall 
720*  nils  were  (town  with  aircraft  two.  Its  asymmetric 
characteristics  led  to  excessive  trailing  edge  flap 
deflection  being  required  to  control  left  rolls  at  40° 
AOA.  Shortly  thereafter,  the  al ‘craft  went  into  an 
extensive  100  hour  inspection  and  modification  period. 
When  the  720°  rolls  were  repeated  with  aircraft  ooc,  no 
problems  were  itk-mlficd  and  the  aircraft  was  fully 
cleared  for  multip  e  rolls  In  post-stall.  It  was  with 
aircraft  one,  which  nas  a  significantly  lower  asymmetry 
level  than  aircraft  two,  that  the  post-stall  envelope 
expansion  was  completed.  As  of  early  October  1993, 
aircraft  two  has  returned  to  flight  status  and  post-stall 


testing  to  determine  its  characteristics.  The  goal  is  for 
both  aircraft  to  have  the  same  flight  envelope,  if  at  all 
possible.  Regression  testing  is  not  desirable  from  a 
cost  and  time  pcrspecti  re,  but  the  aircraft  differences 
have  made  it  mandatory. 


3.8  Cleared  Post-Still  Envelope 

The  cleared  post-stall  envelope  was  in  part  determined 
by  ahat  would  be  required  for  tactical  utility  flight 
testing.  As  shown  in  figure  8,  several  factors 
determined  the  requirements  of  this  envelope.  It  should 
be  noted  that  all  portions  of  the  envelope  were  verified 
through  flight  test,  fte  maximum  post-stall  entry 
speed  foe  tactical  testing  was  selected  as  225  KCAS 
(417  km/b).  The  maximum  altitude  expected  to  be 
reached  during  the  engagements  was  less  than  30,000  ft 
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MSL  (9,100  m),  since  (lie  engagements  would  start  at  minimum  airspeed  boundary  of  70  KTAS  (130  km/h) 
23,000  ft  MSL  (7,000  m).  7  be  minimum  altitude  in  was  required  since  that  is  the  lowest  airspeed  that  the  air 

the  specially  designated  X-31  test  area  was  1 1,000  ft  data  computer  can  calculate.  The  aircraft  was  tested  to 

MSL  (3,300  m).  To  ensure  a  recovery  to  less  than  30°  airspeeds  as  low  as  48  KCAS  (89  km/b)  at  25,000  ft 
AOA  by  the  minimum  altitude,  recoveries  from  post-  (7,600  m).  The  cleared  PST  envelope  has  been 

stall  would  have  to  begin  at  13,000  ft  MSL  (4,000  m).  sufficient  for  tactical  utility  testing  to  date. 

This  determined  the  lower  altitude  boundary.  The 


Figure  8.  >.-31  Envelope  Cleared  for  Posl-Stall  Flying 


4.  SIMULATION  EFFORTS 

As  with  any  modem  flight  test  effort,  simulation  has 
played  a  very  important  role  in  the  X-3i  program.  It 
wa«  early  simulation  studies  that  demonstrated  a 
dramatic  increase  in  exchange  ratios  during  closc-in- 
combat  for  aircraft  equipped  with  multi-axis  thrust 
vectoring.  Simulation  was  used  extensively  during  the 
envelop*  expansion  phase  for  flight  test  maneuver 
1-.rel07.nent  and  rehearsal  and  for  predictions  of  aircraft 
response.  Additionally,  tactical  dome  versus  dome 
simulations  have  played  a  key  role  in  the  program.  The 
two  main  uses  of  dome-to-dome  simulation  were 
intensive  two  week  periods  known  as  Pinball  I  and 
Pinba'I  II. 


4.1  Adversary  Selection 

Prior  to  the  start  of  Pinball  I,  it  bad  been  oecidcd  that 
the  principal  adversary  aiicraft  would  be  the  P/A- 1 8. 
Ideally,  the  engagements  would  bs  between  a  PST 
capable  and  a  non- PST  capable  X-31.  This  way.  the 
only  variable  (other  than  pilot  skill)  would  be  whether 
or  not  PST  was  used.  However,  due  to  the  frequent 


inspection  intervals  required  of  these  experimental 
aircraft,  it  was  assumed  that  it  would  be  very  difficult  to 
have  both  X-31's  flying  simultaneously.  This 
assumption  has  proven  to  be  accurate.  Also,  the 
original  program  plan  was  for  the  tactical  utility  phase 
of  testing  to  take  place  at  the  NAWC  AD  facility  at 
Patuxent  River,  MD  where  many  F/A-18s  would  be 
available  for  adversary  support.  Fortunately,  the  choice 
of  adversary  did  not  have  to  change  when  the  decision 
was  made  to  complete  flight  testing  at  NASA,  since 
NASA  also  maintains  a  fleet  of  F’A-18  support  aircraft. 

4.2  Pinball  I 


Pinball  I  was  cooducted  in  September  1990  at  the  IABG 
research  facility  in  Ouobrunn,  Germany  (near  Munich). 
IABG  was  choren  as  the  location  for  Pinball  I  for 
several  reasons.  The  IABG  facility  is  nes.  to  the  main 
DASA  engineering  complex,  has  two  dome  simulators, 
and  they  have  extensive  experience  with  the  evaluation 
of  air  combat  engagements.  The  purpose  of  Pinball  I 
was  to  support  flight  test  efforts  by:  a)  selecting  the 
best  starting  conditions  for  the  air  combat  engagements 
and  b)  developing  a  Rule  of  Thumb  (ROT)  weapon 
system  for  both  pitots  to  use  during  these  engagements. 
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Out  of  this  testing,  four  principal  setup  conditions  were 
identified.  They  are  shown  in  figure  9.  Three  of  the 
setups  have  both  aircraft  initially  at  325  KCAS  (602 
km/h),  separated  by  3,000  ft  (914  m).  The  difference 
between  the  three  lies  in  the  orientation  of  the  aircraft; 
either  defensive  (DEF),  offensive  (OFF),  or  neutral  in  a 
high  speed  line  abreast  (HSLA).  The  fourth  setup 
selected  is  slow  speed  line  abreast  (S3LA).  It  varies 
from  HSLA  in  that  the  two  aircraft  arc  only  1,500  ft 
(457  m)  apart  and  start  at  a  lower  airspeed  of  215  KCAS 


(398  km/h).  These  four  initial  conditions  allow  PST  to 
be  utilized  and  evaluated  in  a  range  of  options. 

Since  the  X-31  has  no  weapons  system,  a  ROT 
weapons  system  was  created.  It  specified  generic,  yet 
realistic  requirements  for  a  gun  and  a  beat-seeking 
missile.  The  ROT  specified  minimum  tracking  time 
required  for  a  kill,  maximum  allowable  off  boresight 
angle,  maximum  allowable  AOA  for  the  missile,  and 
minimum  and  maximum  ranges  for  both  weapons. 
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Figure  9.  Starting  Conditions  lor  X-31  Tactical  Engagements 
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4-5  Pinball  II 

The  Pinball  II  exercise  was  conducted  at  I  AEG  in  April 
1993.  Its  purpose  was  to  act  as  a  training  buildup  for 
the  pilots  and  engineers  who  would  conduct  the 
engagements  and  also  to  perform  a  large:  number  of 


engagements  than  would  be  possible  in  the  limited 
flight  test  program  in  order  to  create  a  statistical  data 
base  of  the  results.  Many  runs  were  able  to  be  flown 
since  the  engagements  were  limited  to  90  seconds  and 
the  simulator  could  very  quickly  be  reset  to  the  initial 
starting  conditions. 
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IV  Pinball  II  exercise  was  a  great  success  in  terms  of 
(be  pilots  and  engineers  learning  what  to  expect  during 
flight  test. 

4.4  Cross-Country  Link 

it  was  realized  that  it  would  be  beneficial  to  the  program 
to  have  a  dome-lo-dome  simulation  facility  available 
locally  to  support  the  tactical  •oitiiy  test  phase.  It 
would  be  useful  for  pilot  proficiency  and  to  evaluate 
new  setups,  new  maneuvers,  and  (he  impact  of  aircraft 
changes  on  combat  performance.  NASA  Dryden  does 
not  have  a  dome  simulator,  however,  two  of  the  other 
ITP  participants  each  have  a  dome  simulator.  R1  has  a 
dome  at  their  Downey.  CA  facility.  It  has  been  used  for 
X-31  support  since  the  beginning  of  the  program.  The 
Navy,  at  their  NAWC  AD  Pax  River.  MD  test  facility 
has  a  dome  simulator  which  is  regularly  used  to  support 
various  programs  including  the  X-31  and  F/A-18.  R1 
had  been  working  in  the  area  of  linking  simulations  via 
computer  networks.  After  considerable  efforts  by  both 
parties,  the  concept  was  proven  in  August  1993. 
Unfortunately,  there  have  been  equipment  problems  and 
tbe  dome-to-dome  capability  has  yet  to  perform  as 
envisioned.  Data  rate  transfer  and  time  delays  have  not 
presented  a  technical  difficulty  and  it  is  hoped  that  this 
capability  will  be  fully  demonstrated  in  the  near  future 


5.  TACTICAL  UTILITY  FLIGHT  TEST 


The  tactical  utility  flight  test  (TUFT)  phase  of  the 
program  was  planned  in  several  portions.  Tactical 
maneuvers  against  a  cooperative  F/A-18  were  flown 
first,  followed  by  basic  fighter  maneuvering.  The 
planned  final  phase  is  unlimited  close-tr.-c  '..'oat. 


5.1  Tactical  Maneuvers 


The  purpose  of  the  tactical  mane..  ;*  was  to  look  at 
some  basic  post-stall  air  combat  maneuvers  in  a 
structured,  low  risk  way.  This  was  in  following  with 
flight  test  buildup  procedures.  The  maneuvers  selected 
were  pitch  rate  reserve.  J-tum.  helicopter  (helo)  gun 
attack,  and  fiat  scissors.  Hying  these  maneuvers  served 
as  a  bridge  between  the  clinical  flight  test  inputs  and  the 
free-for-all  maneuvering  of  air  combat.  This  helped  the 
pilots  and  engineers  get  used  to  seeing  the  aircraft  fly  is 
a  more  unrestrained  fashion.  For  instance,  the  AOA 
iimitcr.  which  had  been  used  for  the  majority  of  the 
envelope  expansion,  was  not  used  during  these 
maneuvers.  Since  the  tactical  -.ancuvcrs  were  short, 
scripted  looks  at  post-stall  mane'  rering,  they  were 
actually  started  before  the  225  KCAS  (417  km/h) 
envelope  was  cleared.  These  maneuvers  were  initially 
down  using  the  185  KCAS  (343  km/h)  and  18.000  ft 


(5,500  m)  minimum  attitude  post-stall  envelope 
available  at  that  time.  A  minimum  separation  of  1.000 
ft  (300  m)  was  maintained  at  all  times  during  these 
maneuvers. 


5.1.1  Pitch  Rate  Reserve 


Pitch  rate  reserve  means  that,  for  whatever  flight 
condilion  the  aircraft  is  flying,  it  still  has  a  reserve 
pointing  capacity  with  PST.  For  instance,  the  X-31 
could  be  turning  at  30°  AOA  unable  to  bring  its  nose  to 
bear  on  tbe  F/A-18.  However,  since  the  X-31  can 
achieve  70°  AOA.  it  can  pull  its  nose  to  the  target  and 
achieve  a  firing  solution.  Two  types  of  pitch  rate 
reserve  maneuvers  were  flown:  a  guns  and  a  missile 
reserve.  Tbe  guns  reserve  called  for  the  X-31  to  achieve 
a  guns  tracking  solution.  The  missile  pitch  reserve 
required  tbe  X-31  to  pull  lead  on  the  target  so  that  the 
aircraft  could  be  unloaded  to  a  lower  AOA  (3(0  that  was 
called  for  by  the  ROT  for  a  missile  shot.  The  main 
result  of  these  maneuvers  was  a  tendency  for  pitch 
overshoots  due  to  the  longitudinal  stick  sensitivity  in 
post-stall.  This  tendency  was  not  as  large  as  bad  been 
previously  feared,  and  it  could  be  managed  with  a 
moderate  amount  of  pilot  compensation 


5.1.2  J-turn  /  Htln  Gun  Attack 


The  J-turn.  also  known  as  the  Hcrbst  maneuver, 
consist  of  a  rapid  pitch  up  to  high  AOA  followed  by  a 
full  stick  stability  axis  roll  rate  command  to  perform  a 
180°  heading  change.  This  was  one  of  the  prime 
maneuvers  utilized  during  the  envelope  expansion  phase 
of  the  program.  During  the  tactical  maneuver  phase, 
however,  there  was  an  F/A-IS  (tying  a  pre-defined  turn 
to  act  as  a  target.  The  initial  setup  was  created  such 
that,  as  the  X-31  completed  the  J-tum.  it  would  be  able 
to  attempt  acquiring  the  F/A-18  for  a  gun  or  missile 
shot.  After  several  of  these  were  performed,  it  became 
apparent  that  this  setup  would  work  very  well  to  set  up 
a  helo  gun  attack.  In  the  bclo  gun  attack,  tbe  X-31  uses 
a  high  AOA  roll  to  rotate  at  a  high  rate  (looking  like  a 
helicopter  doing  a  pedal  turn)  to  acquire  and  tract  the 
target  The  lessons  learned  from  these  maneuvers  were 
that  the  lateral  acquisition  and  backing  task  required  less 
pilot  compensation  than  for  tbe  pitch  reserve  and  that 
there  was  a  control  harmony  problem.  The  problem 
was  that  up  to  3  in  (7.6  cm)  of  lateral  stick  was  required 
for  a  full  roll  command  whereas  only  very  small 
changes  in  the  longitudinal  stick  created  Urge  changes 
it  AC  A.  Again,  this  tendency  could  be  compensated 
for  by  the  project  pilots,  all  of  whom  are  very 
experienced  test  pilots  and/or  very  experienced  fighter 
pilots.  Tbe  stick  mechanization  of  the  X-31  would  not, 
however,  be  desirable  for  a  production  aircraft. 
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5.!. 3  Flat  Scissors 

A  flat  scissors  maneuver  involves  two  aircraft,  usually 
dose  to  cue  anoihcr  and  at  low  airspeed,  turning  toward 
coe  another  and  reversing  after  ovcishootlng  flight 
paths.  This  process  is  repealed  until  one  aircraft  can 
maneuver  behind  the  other  to  achieve  a  ruing  solutioo. 
Key  aircraft  characteristics  to  success  in  flat  scissors  are 
the  ability  to  fly  slower  than  the  target  so  that  it  flies 
out  in  front  of  you,  and  high  roll  rates  in  order  to 
rapidly  change  flight  path.  These  characteristics  are 
supposed  to  be  strengths  cl  the  X-3 1  design.  Also,  the 
flat  scissors  is  a  common  maneuver  during  slow  speed 
air  combat;  thus  it  was  a  logical  practice  maneuver  to 
perform.  The  X-31  could  easily  decelerate  behind  the 
FfA-18  by  pulling  to  high  AOA.  However,  if  the  X-31 
was  pulled  to  too  high  of  an  AOA.  it  bc^an  to  sink  in 
altitude  in  relation  to  the  F/A-18.  The  X-31’s  high  roll 
tales  at  low  airspeed  were  advantageous  during  this 
maneuver.  It  was  noted  however,  that  due  to  the  high 
nose  attitude  of  the  aircraft  at  low  airspeed,  it  was  often 
difficult  to  maintain  sight  of  the  target  This  is  an  area 
which  needs  to  be  solved  by  future  designers,  that  of 
maintaining  sight  and  situational  awareness  of  the  target 
during  a  high  AOA  fight 


SJ.'  Agile  Vv 

It  is  very  difficult  to  visualize  an  aerial  engagement  if 
you  are  not  one  of  the  participants.  Even  then,  its 
difficult  for  a  pitot  to  remember  the  precise  details  of  as 
many  as  six  engagements  which  take  place  over  the 
span  of  20  minutes.  It  is  also  important  to  demonstrate 
the  results  of  your  testing  For  all  of  they;  reasons,  it 
was  highly  desirable  to  obtain  a  visualization  tool  with 
which  to  view  the  engagements.  Fortunately,  such  a 
program  was  already  in  existence.  Its  name  is  'Agile 
Vu\  It  is  a  software  program  which  is  run  on  a  Silicon 
Graphics  work  station.  It  was  developed  by  McDonnell 
Aircraft  Company  under  contract  to  NAWC  AD. 
Warminster.  It  was  originally  developed  for  researching 
agility.  The  program  requires  aircraft  position  and 
attitude  information  as  a  function  of  lime.  More  than 
one  aircraft  can  be  displayed  simultaneously.  The  user 
then  has  the  option  of  many  different  view  points,  scale 
factors,  time  history  plots,  etc.  It  was  originally 
planned  to  use  Agile  Vu  only  for  post-flight  analysis. 
Sines  that  time,  however.  Agile  Vu  has  been  adapted  in 
tun  real-time  during  flights  in  the  NASA  mission 
control  room.  It  is  also  possible  U  display  the  range 
between  the  two  aircraft  on  Agile  Vu.  This  feature  has 
been  helpful  in  setting  up  the  tactical  engagements. 
Agile  Vu  shows  great  promise  as  an  dialysis  tool  for 
the  TUFT. 


5J  Bask  Fighter  Marruvtrlng 

The  primary  purpose  of  the  basic  fighter  maneuvering 
(BFM)  phase  was  training  for  the  final,  close- in -combat 
(CIO  phase.  There  were  17  BFM  sorties  flown 
between  August  and  September  1993  with  15  flights 
conducted  during  one  two  week  period.  All  of  the  BFM 
flights  were  very  successful  and  were  conducted  m  a  safe 
fashjoo.  with  the  aircraft  performing  flawlessly. 

Many  important  lessons  were  learned  during  BFM.  Toe 
four  setups  defined  during  Pinball  1  were  used. 
However,  the  first  BFM  sorties  used  185  KCAS  (343 
km/h)  as  a  starting  speed,  since  the  envelope  expansion 
was  noi  jet  completed.  On  those  flights,  only  the  OFF 
setup  was  i  id.  For  the  BFM.  rules  of  engagement 
[ROE)  '/try  similar  to  those  used  by  the  U.S  Navy  and 
Air  Force  were  odopted  for  safety.  The  ROE  establish 
radio  protocol,  set  the  minimum  separation  distance, 
and  specify  many  other  safety  related  items.  Initially,  a 
1,000  ft  (300  m)  minimum  distance  between  aircraft 
was  used,  but  after  sufficient  training,  this  was  reduced 
to  500  ft  (ISO  m).  The  principal  difference  between 
BFM  and  the  CIC  phase  is  that  the  pilots  pre-brtefed 
their  initial  move  prior  to  each  engagement.  Either  the 
F/A-18  or  X-2!  always  went  high  or  low  as  the  first 
move.  After  this  fust  move,  however,  the  aircraft  were 
free  to  maneuver  at  will.  Since  training  was  the  main 
BFM  objective,  certain  rules  that  will  apply  during  GC 
were  not  used.  For  instance,  fights  were  allowed  to  las: 
Pnger  than  90  sec  (with  a  maximum  of  about  120  sec), 
and  a  weapon  solution  did  no:  require  (he  engagement  to 
end.  Engagements  continued  from  the  initial  ‘fight's 
on"  cal',  until  the  X-31  pilot  felt  that  he  had  achieved 
bis  training  objectives  or  until  the  minimum  altitude 
"hard  deck"  of  13,000  ft  (4,000  m)  was  reached. 


An  important  element  in  flight  is  that  it  is  considerably 
more  difficult  and  time  consuming  to  achieve  starting 
setups  than  in  the  simulator.  In  the  simulator,  the  OFF 
and  DEF  set  up  was  with  both  aircraft  at  a  wings-Ievd 
I  g  flight  condition.  In  flight,  the  only  way  to  achieve 
those  setups  is  to  have  one  aircraft  turning  across  the 
other  aircraft's  flight  path,  attempting  to  be  on  a 
perpendicular  flight  path  at  the  correct  range  and 
airspeed.  The  aircraft  typically  used  a  2  g  turn  such  that 
they  were  already  in  a  60°  bank  with  a  turn  rase  at  the 
start  of  the  engagement. 

Another  important  difference  between  the  (Tight  lest  and 
the  simulation  is  the  aircraft’s  envelope.  In  the 
simulation,  post-stall  could  be  used  any  time  the  aircraft 
was  below  325  KCAS  (602  km/h)  aDd  0.7  Mach. 
During  the  325  KCAS  (602  kevh)  BFM  starts,  the 
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pilot  must  rapidly  decay  his  speed  to  225  KCAS  (417 
km/h),  the  current  software  PST  entry  limit,  to 
maneuver  above  30°  AOA.  It  has  not  yet  been 
determined  if  this  difference  wilt  have  a  significant 
adverse  effect  on  the  comparison  of  the  flight  and 
simulation  data. 


Old  rules  of  air  combat  still  apply,  such  as:  small 
aircraft  like  the  X-31  are  hard  to  see;  aircraft  flying  out 
of  the  sun  are  hard  to  see;  and  if  you  lose  sight,  you 
will  lose  the  fight. 

The  new  rule  says  that  PST  used  at  the  wrong  time 
results  in  the  F/A-18  getting  the  first  shot  opportunity. 
The  main  X-31  advantages  are  in  bigb  yaw  rate 
capability  and  in  pitch  pointing  the  nose.  The  X-31‘s 
capabilities  lead,  when  used  properly,  to  positional 
advantage  and  decreased  time  to  a  weapons  solution. 

The  X-31  demonstrated  amazing  flying  qualities  and 
performance  during  these  maneuvers  and  made  a  strong 
case  for  the  benefits  of  thrust  vectoring  during  close-in- 
air  combat.  The  aircraft  liandling  was  characterized  as 
"care-free”  by  the  pilots.  It  was  also  noted  that  this  is 
both  good  and  bad.  It  is  very  desirable  from  a  safety  and 
mission  effectiveness  standpoint.  However,  most 
aircraft  have  some  trails  or  characteristics  (such  as 
noise,  buffet,  wing  rock)  which  "tell"  the  pilot  what  his 
AOA  is.  In  tbc  X-31,  the  buffet  level  is  approximately 
the  same  at  70°  as  it  is  at  12°  AOA.  This  led  most 
pilo'*  to  ask  for  a  tone  to  provide  them  with  AOA 
cueing. 

It  was  very  common  for  the  pilots  to  inadvertently 
input  rodder  pedal  commands.  This  usually  happened  as 
the  pilot  was  twisting  his  body  around  to  look  for  the 
F/A-18,  ie.  "checking  six".  The  pilots  tended  to  push 
on  the  rudder  ptdal  on  the  opposite  side  of  the  direction 
they  were  twisting.  It  was  simply  a  matter  of  trying  to 
get  leverage  to  help  pivot  their  torso.  Some  pilots, 
depending  on  the  type  of  aircraft  they  had  air  combat 
experience  in,  instinctively  input  rudder  pedal 
commands  while  trying  to  roll  die  aircraft  at  high  AOA. 
These  pilots  did  this  as  a  reflex,  since  they  knew  that 
the  rudder  pedal  command  fades  to  zero  between  30  and 
45°  AOA. 

The  high  stick  forces  required  for  flying  at  high  AOA 
caused  many  of  the  pilots  to  fly  with  two  hands  on  the 
control  stick.  The  throttle  position  was  always  at 
maximum  afterburner,  so  they  did  not  need  a  hand  for 
power  modulation.  They  did  need  to  remove  their  left 
hand  from  the  stick  to  transmit  on  the  radio,  since  the 
mic  button  is  on  the  throttle.  Frequent  UHF  calls  were 
required  during  BFM  to  give  iiiformation  required  by  the 
ROE,  such  as  "I'm  going  high"  or  "blind".  The 
requirement  to  frequently  let  go  of  the  stick  with  their 


left  hand  was  a  nuisance  during  the  engagements. 
5.4  Close-in-Combat 


The  close-in-combat  phase  of  the  TUFT  is  scheduled  to 
begin  in  mid  October  1993.  It  is  planned  that  a 
minimum  of  24  CIC  flights  will  be  flown,  allowing 
each  of  the  six  project  pilots  to  fly  four  sorties.  It  will 
be  conducted  in  a  fashion  very  similar  to  the  BFM 
flights.  The  main  difference  will  be  that  there  is  no  pre¬ 
briefed  initial  move  for  either  pitot.  Engagements  will 
continue  until  one  of  the  following  occurs:  a  valid  kill 
is  achieved  (as  determined  by  tbc  control  room),  tbc  90 
sec  time  limit  is  reached,  the  minimum  altitude  is 
reached,  or  a  "knock  it  off"  call  is  Uansmitted  by  either 
pilot  or  the  control  room  for  an  unsafe  condition.  Data 
will  be  collected  from  both  the  X-31  and  F/A-18  along 
with  time  space  position  indication  (TSPI)  data  from 
ground-based  tracking  radars  for  both  aircraft.  Included 
in  the  downlinked  aircraft  data  is  weapons  select  and 
firing  switches  and  AOA.  The  aircraft  and  TSPI  data 
will  allow  for  real-time  calculations  of  ROT  parameters 
for  kill  determination.  The  data  will  also  be  stored  for 
post-flight  data  analyses  using  tbe  same  measures  of 
effectiveness  that  were  used  to  analyze  the  Pinball  II 
simulation  data. 


6.  ADDITIONAL  NEAR-TERM  TESTING 


There  arc  additional  tests  planned  for  tbc  X-31  to  take 
place  between  October  1993  and  March  1994.  The 
additional  tests  planned  involve  Helmet  Mounted 
Displays  (HMD),  audio  cueing,  and  quasi-tailless 
supersonic  thrust  vectoring. 


6.1  HMD 

Tbe  HMD  research  is  designed  to  sec  if  the  pilot's 
situational  awareness  /  spatial  orientation  suffers  or 
needs  augmenting  during  PST  air  combat  maneuvering. 
Helmets  with  HMD  have  only  been  used  in  western 
fighters  for  night-vision  applications;  thus  there  is  a 
strong  impetus  to  see  how  an  HMD  helmet  can  support 
a  pilot  during  a  day,  air  combat  engagement.  Aircraft 
two  has  been  modified  to  include  hardware  and  software 
to  support  HMD  research.  Flying  should  begin  in  late 
October  1993. 


6.2  Audio  Cueing 

Audio  cueing  will  tx  researched,  initially,  through  the 
use  of  an  AOA  aural  cue  (as  a  variable  frequency  tone) 
to  the  pilot  to  improve  situational  awareness  of  aircraft 
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state  during  PST  air  combat.  An  AOA  tone  was  used 
during  Pinball  II  and  proved  to  be  useful.  If  other 
potentially  useful  aural  cues  are  determined,  the 
interesting,  new  concept  of  three  dimensional  audio  will 
be  explored. 


6.3  Quail-Tailless  Supersonic  Thrust 
Vectoring 

Aside  from  enhanced  slow  speed  maneuverability,  thrust 
vectoring  offers  other  options  for  future  aircraft 
designers.  It  may  be  possible  to  build  aircraft  with  the 
same  levels  of  maneuverability  that  today’s  aircraft 
enjoy,  with  the  addition  of  thrust  vectoring  to  allow  the 
reduction  of  the  size  (or  the  elimination  of)  the  vertical 
tail,  gaining  the  required  levels  of  stability  and  control 
from  the  thrust  vectoring.  Reducing  or  eliminating  the 
vertical  tail  could  yield  benefits  in  performance  (lower 
drag)  and  possibly  reduce  radar  signature  (increase 
stealthiness).  The  program  plans  to  fly  (in  early  1994) 
the  X-31  at  1.2  Mach,  use  the  i udder  to  create  a  yaw 
command  (to  simulate  an  external  aircraft  disturbance) 
and  then  use  the  thrust  vectoring  to  create  the  restoring 
yaw  moment,  if  this  phase  is  successful,  the  aircraft 
may  eventually  fly  with  a  reduced  vertical  tail  and, 
much  later,  without  a  vertical  tail  -  using  only  thrust 
vectoring  for  yaw  control. 
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7.  CONCLUSIONS 


The  X-31  ha'  been  an  excellent  proof-of-concept  vehicle 
for  high  AOA  flight  atvf  air  combat  maneuvering.  It 
has  proven  to  have  excellent  handling  qualities  and 
performance  with  only  minor  deficiencies  noted.  Major 
differences  in  controllability  have  been  seen  between  the 
two  X-31s.  This  points  out  that  minor,  difficull-to- 
mcasurc  differences  between  aircraft  can  greatly  affect 
high  AOA  flying  characteristics.  Much  has  been 
learned  about  the  aerodynamic,  flight  control  system, 
and  air  data  system  requirements  to  support  aggressive 
high  AOA  maneuvering  for  an  unstable  aircraft 

The  tactical  utility  lessons  Rained  to  date  indicate  that 
post-stall  maneuverability  is  not  a  revolution  to  air 
combat,  it  is  an  evolutionary  step  which  supplements 
existing  tactics.  The  technology  of  thrust  vectoring  is 
not  exotic,  it  is  available  now  to  designers  of  the  next 
generation  of  aircraft. 


Tiic  X-31  continues  to  have  excellent  potential  for 
future  research  efforts  in  many  areas,  such  as:  helmet 
mounted  displays,  audio  cueing,  and  the  use  of  thrust 
vectoring  for  supersonic  flight  stabilization. 
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1.  INTRODUCTION 

The  European  Fighter  Aircraft  (EFA)  was  designed  is  a 
highly  augmented,  basically  unstable  aircraft  Its  Stability 
and  Control  System  (FCS)  is  of  a  much  higher  complexity 
than  that  used  in  earlier  aircraft,  eg  the  Tornado  To  ensure, 
that  safe  operation  and  •nimum  performs  nee  are  not  de¬ 
graded  due  to  possible  handling  qualities  deficiencies,  new 
methods  had  to  be  used  for  both  the  development  and  Die 
as'cssmcnt  of  the  aircraft.  This  paper  describes  the  specifi¬ 
cations  and  the  methods  used  in  customer  assessment  prior 
to  first  flight.  An  overview  of  these  methods  is  provided  in 
the  following  paragraphs 

2.  FLYING  QUALITIES  SPECIFICATION  USED 

In  order  to  ensure  a  good  flying  aircraft,  useful  design  gui¬ 
delines  arc  necessary,  as  well  as  a  dear  concept  of  how  to 
certify  and  qualify  the  aircraft  for  service  use.  The  effort 
invested  in  generating  an  adequate  Flying  Qualities  Speci¬ 
fication  for  EFA  (HQDD  -*  Handling  Qualities  Rdinition 
Document,  Ref  2)  is  described  in  Ref  1.  In  addition,  accom¬ 
panying  contractor  documents  are  required,  which  define 
special  requirements  to  be  applied  during  the  design  and 
clearance  process 

Analysis  of  the  requirements  laid  down  in  these  documents 
demonstrated  that  the  requirements  could  be  grouped  in  the 
following  way; 

Requirements  to  be  demonstrated  by  manned  simulation  or 
/tight  tats: 

•  Requirements  which  explicitly  ask  for  pilot  cci.jncr.ts 
and  therefore  need  tests  with  a  pilot  at  the  controls 
(ground  based  simulation  or  flight  tests) 

•  Requirements  which  need  pilo!-in-lhe-ioop  tests  (110, 
tracking) 

Requirements  to  be  demonstrated  by  numerical  analysis: 

•  Requirements  which  basically  deal  with  trimmed  flight 
conditions  and  average  gradients  accompanying  devia¬ 
tion.  from  trim 

•  Requirements  based  on  linear  systan  analysis 

•  Requirements  which  allow  for  nonlinear  system 
behaviour 

S.  ASSESSMENT  METHODS  APPLIED 

Due  to  the  diversity  of  requirements,  s  number  of  different 
methods  have  been  applied  in  customer  assessment.  An 
overview  of  these  methods  follows. 


3.1  Manned  SlrauUUoas/FUght  Tests 

3.1.1  Methods  Used  In  Preparation  of  Simulations  and 
Flight  Tests 

In  order  to  provide  general  support  for  both  simulator  and 
flight  teste  for  HQ  assessments,  the  requirements  to  be  ap¬ 
plied  together  with  manoeuvres  to  be  performed  and  the  as¬ 
sociated  questions  for  the  pilot  debriefing  have  been  defined 
in  accordance  with  the  Handling  Quality  Definition  Docu¬ 
ment  for  EFA  (HQDD,  Ref  2).  A  list  of  the  manoeuvres  is 
provided  in  Table  1.  Most  of  the  manoeuvres  can  be  used  to 
obtain  both  pilot  comments  and  test  data  for  several  re¬ 
quirements  simultaneously.  This  is  shown  by  the  examples 
listed  in  Table  2.  Manoeuvres  in  respect  of  any  given  re¬ 
quirement  can  be  selected  from  this  Table,  and  it  can  also  be 
seen  which  requirements  these  manoeuvres  can  provide  data 
for.  For  instance,  the  manoeuvre  'PULLUP*  contributes  to 
the  assessment  with  respect  to  seven  different  criteria. 

Finally,  pilot  actions  and  the  questions  to  be  answered  by  the 
pilot  were  defined  for  each  manoeuvre  to  be  performed  (sec 
Table  3) 

3.1.2  Simulation  Tests  Performed 

Official  assessments  have  been  performed  using  different 
ground  simulation  facilities  available  within  the  European 
Fighter  Aircraft  (EFA)  partner  nations  to  support  qualifica¬ 
tion  and  certification  work  for  the  customer  and  the  National 
Airworthiness  Autnonlics  prior  to  fust  flight.  These  were; 

•  The  AJvanccd  Flight  Simulator  (AFS)  at  DRA  Ledford 
(Ref  4).  TheArS  was  heavily  used  because  of  its  ability 
to  simulate  aircraft  motion,  which  was  felt  especially 
important  for  simulation  of  take  off,  approach  and 
landing. 

•  The  dual  dome  air  combat  simulator  at  IABG  (Ref  6) 
This  was  mainly  used  for  the  simulation  of  the  up  and 
away  Cat  A  flight  phases  where  motion  simulation  for 
fighter  aircraft  is  not  possible  with  existing  systems  and 
not  as  crucial  as  for  the  Cat  C  Right  phases 

•  The  DASA  EFA  development  simulator  (Ref  7)  In 
order  to  avoid  any  failures  or  misinterpretations  which 
could  arise  due  to  differences  in  software  and  hardware 
slandarda.  the  same  simulator  as  used  by  the  contractor 
had  to  be  used  for  the  final  official  check. 

The  activilies  described  below  are  mmrJy  those  simulations 
performed  in  Germany  ai  IABG. 
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SirnmtmUM  g*tf*m*4  tt  tkt  IAH(i  Dual  tight  Slum- 
UiU*  (nr$  facility 

11m  lovemmcft -owned  simulation  facility  at  lADO,  Ref  6, 
mu  selected  for  the  evaluation  of  Cat  A  (light  phases  only. 
Due  to  the  inherent  limitation!  of  the  emulator  vieual  sys¬ 
tem,  it  wai  agreed  that  all  governmental  handling  quality 
leiti  for  the  take-off  and  landing  flight  phase*  would  be  con* 
ducted  at  DKA  Bedfonfs  Advanced  Large  Motion  Amplitude 
Flight  Simulation  (AFS)  Facility,  which  provides  good  vieual 
ground  representation  and  include*  the  motion  eyetem. 

The  LAlKi  facility  ha*  been  optimised  for  use  a*  a  Weapon 
System  Simulator,  in  particular  for  air  to  air  combat  in  a 
realistic  environment.  The  EFA  contractor  supplied  the  con* 
figuration-controlled  data  to  be  installed  for  the  simulation, 
based  on  the  DFS  hard  ware/ software  environment.  In  order 
to  provide  the  pilot  with  the  proper  visual  reference  cues 
necessary  for  (he  evaluation  of  the  handling  qualities,  a  tar¬ 
get  with  manoeuvring  end  non-manoeuvring  capability, 
which  had  been  preprogrammed,  pregenerated  and  stored, 
was  provided  in  the  dome. 

Since  EFA  is  a  co-operative  European  programme,  OfiiciaJ 
Flight  Tot  Centres  from  all  participating  Nations  were  in¬ 
volved.  The  handling  qualities  evaluations  were  carried  out 
in  the  course  of  two  one-week  simulation  exercise*  per¬ 
formed  in  April  and  May  1992: 

The  first  test  period  was  designed  to  scan  the  entire  (light 
envelope  to  be  cleared,  including  the  tot  manoeuvres  de¬ 
veloped.  in  order  to  determine  which  parts  of  the  envelope 
and  which  type  of  manoeuvres  werr  to  be  evaluated  in  depth 
by  test  pilots  of  the  four  nations  involved.  The  evaluation 
methods  used  and  the  hardwrjc  and  software  involved  were 
also  tested,  together  with  'he  assignments  of  the  evaluation 
team.  This  team  consisted  of  one  German  test  pilot  and  some 
20  engineers  and  scientists  from  various  institutions  of  the 
four  nations.  Data  was  recorded  in  respect  of  123  parameters 
at  intervals  of  12.5  ms  or  multiples,  depending  on  the  sen¬ 
sitivity  of  the  parameter,  and  processed  off-line  using  the 
software  described  below.  Standard  time  history  plots  of  the 
most  important  (light  mechanical  parameters  were  available 
for  the  debriefing  shortly  after  the  pilot  left  the  cockpit.  Due 
to  the  constraints  imposed  on  the  project  by  lock  of  lime  and 
financial  pressure,  the  fast  generation  of  evaluation  material 
in  I mrd  copy  and  immediate  report  writing  were  considered 
to  be  of  particular  importance.  It  thus  proved  possible  for  the 
team  to  release  a  preliminary  report  of  the  findings  within 
three  days  of  completion  of  the  tests. 

This  *<lry  run”  provided  valuable  information  as  to  which 
paru  of  the  flight  envelope  initially  to  be  cleared  required 
thorough  investigation  and  which  type  of  test  manoeuvres 
should  be  included  in  the  final  test  plan  for  the  four  nation 
test  period  to  be  held  in  May  1992.  In  this  test  period,  five 
test  pilots  from  all  nations  were  involved,  together  with  sev¬ 
eral  scientists  for  analysis  of  the  results.  Ihc  total  clock  time 
recorded  for  ‘.he  first  week  of  testing  amounted  to  50.75 
hours  productive  data  generation,  with  each  participating 
nation  allowed  similar  periods  of  pilot  time  in  the  cockpit. 

The  final  simulation  test  plan  can  be  divided  into  four  major 
test  blocks,  see  Table  4. 

During  familiarisation,  both  cockpits  were  manned  and  the 
pilots  selected  the  manoeuvres  and  flight  conditions  under 


the  guidance  of  the  lest  engineers.  Iliis  method  proved  L)  be 
very  effective  in  familiarising  the  pilots  with  the  tirertft 
simulated  in  a  short  time.  Each  pilot  was  allowed  approxi¬ 
mately  I  5  hn  to  familiarise  himself  with  (1m  aircraft  before 
productive  data  recording.  During  tills  familiarisation  period, 
both  pilots  and  engineers  could  request  data  recording  of 
activities  of  particular  interest.  All  other  test  blocks  utilised 
only  one  simulator  dome  at  a  time. 

The  last  block  of  manoeuvres,  "Tracking  with  Target  Off¬ 
sets',  should  perhaps  be  explained  in  detail.  The  test  team 
had  gained  some  experience  in  evaluating  air  to  ground 
tracking  performance  t'.lilising  lamp*  laid  out  in  a  pattern  on 
the  ground  as  targets.  These  lamps  were  switched  on  ran¬ 
domly  within  the  pattern,  and  the  pilot's  task  consisted  of 
tracking  live  lit  target,  The  rctults  of  this  test  are  provided  at 
Ref  5.  This  principle  was  transferred  to  the  air  to  air  target 
tracking  talks.  During  the  manoeuvre,  the  target  was 
changed  randomly  every  1 5  seconds  to  a  position  either  30  or 
60  mil*  removed  from  the  pilot's  current  manoeuvre  path, 
see  Fig  I.  During  these  changes,  the  overall  pilot-in-the- 
loop- system  is  excited  with  a  higher  bandwidth  and  the  pilot 
is  forced  to  act  with  a  higher  workload  and  gain  than  in 
classical  tracking  tests.  Under  such  conditions,  any  PIO  ten¬ 
dencies  present  can  be  more  easily  detected.  Various  test 
conditions  and  manoeuvre*  were  flown,  eg  flight  level  and 
Mach  number,  turbulence  ON  and  OFF  (Dryden  Model,  Mil 
878JC),  constant  g  turns,  wind-up  turns,  barrel  rolls,  etc. 
The  target  positions  were  selected  in  such  a  manner  that  the 
pitch  axis  could  be  evaluated  separately  from  the  combined 
pitch  and  roll  manoeuvres.  Coarse  acquisition  rating  and  fine 
tracking  rating  were  enabled  by  targe  offsets  of  the  target 
and  the  time  available  to  the  pilot  before  each  successive 
target  change. 

The  Cooper  Harper  and  PIO  rating  scales  as  published  at  Ref 
4  were  used  for  the  evaluation  of  handling  qualities.  After 
completion  of  each  pilot’s  test  session  (duration  45  min  to  I 
hr),  a  questionnaire  based  on  the  manoeuvres  down  during 
the  session  was  completed,  automatically  printed  and  used  at 
die  debriefing.  Answers  were  stored  electronically  for  proc¬ 
essing  together  with  the  answers  provided  after  other  pilot 
test  sessions.  In  this  way,  all  pilot  replies  and  ratings  re¬ 
corded  could  be  quickly  sorted  and  summarised  in  tables. 
The  tables  containing  the  ratings  and  the  comments  were 
then  compared  with  the  HQDD  requirements  evaluated  in 
individual  testj,  see  Table  5  and  Fig  2.  All  pilot  comments 
provided  in  the  questionnaire  were  thus  directly  linked  to  the 
corresponding  requirements. 

All  five  pilots  from  the  four  nations  involved  provided  com¬ 
paratively  similar  ratings,  which  enabled  excellent  assess¬ 
ment  of  the  aircraft  handling  qualities.  Examples  of  the  re¬ 
sults  are  presented  at  Figs  2,  3  and  4. 

Comparison  of  Figs  3  and  4  shows  that  the  influence  of  tur¬ 
bulence  injected  into  the  simulation  was  dearly  experienced 
by  the  pilots  as  task  intensification.  The  Dryden  model  was 
used  for  turbulence  simulation. 

3,1.3  Analysis  of  Simulation  Data 

In  addition  to  the  evaluation  of  pilot  comments  and  ratings, 
the  recorded  time  histories  of  the  simulation  runs  were 
evaluated  to  provide  additional  information  and  as  confir¬ 
mation  of  the  simulation  resulu.  Evaluations  were  perfor¬ 
med  using  software  tools  provided  by  DLR  and  IABO,  eg: 
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•  quick  look  ptoU  of  time  histories  tod  c-o&r  plot! 

•  statistical  evaluations  and  plots  of  tucking  errors 

•  determination  of  maximum  values  and  gradients 

•  calculation  of  power  spectra  and  frequency  responses 
from  3-2-l-l-m.o»oeurre4 

•  application  of  HQ  criteria  in  the  time  and  frequency 
domains. 

In  the  time  domain,  a  large  number  of  criteria  wee  applied 
successfully  anJ  in  general,  the  results  correlate  well  with 
pilot  assessment;  In  contrast,  some  problems  occurred  in 
frequency  domain  evaluations,  which  were  caused  by  the 
limited  frequency  content  of  the  manoeuvres.  As  shown  it 
Fig  5,  the  confidence  level  of  the  frequency  response  data 
(expressed  in  terms  of  coherence  function)  is  poor  at  fre¬ 
quencies  above  0  6  -  0.8  Hz  (or  4  -  5  rad/sec). 

In  addition,  results  arc  often  poorly  defined  due  to  the  scatter 
of  the  frequency  response  data.  In  future  simulation  and 
flight  tests,  pilot  inputs  should  be  of  higher  frequency  con¬ 
tents  and  more  accurate  system  identification  methods  will 
be  applied  with  regard  to  evaluation 

3.2.  Numerical  Analysis  from  Mathematical  Models 

Numerical  cvaltrrioos  form  an  important  pan  of  the  overall 
HQ  asesment  and  are  often  (eg  during  the  design  phase) 
the  onty  way  to  demonstrate  the  handling  qualities  of  an  air¬ 
craft.  Tic  industry  provided  the  actual  versions  of  data  sets 
needed  for  the  customer  assessment  of  EFA  (aerodynamic 
data,  mass  and  inertial  data,  flight  control  laws,  etc).  Based 
on  this  data,  computing  programs  were  developed  fer  differ¬ 
ent  kinds  of  evaluation  and  applied  at  DLR.  These  programs 
include  the  following: 

•  calculations  of  reference  states  and  gradients 

•  nonlinear  evaluations 

«  synthesis  and  analysis  of  linear  models 

•  LOES  (Low  Order  Equivalent  System)  approxima'ion 

•  application  of  criteria  in  both  time  domain  and  fre¬ 
quency  domains. 

3.2.1  Trim  Calculations  and  Steady  State  Criteria 

Some  requirements  rtkal  with  parameters  of  a  reference  state 
end  with  gradients  of  steady  state  conditions.  The  calcula¬ 
tions  were  performed  in  accordance  with  the  following  steps: 

•  determination  of  a  trim  condition 

•  determination  of  a  reference  state  which  may  differ 
horn  the  trim  condition 

•  determination  of  steady  state  conditions  with  small  pa¬ 
rameter  deviations  from  the  reference  state  (for  sensi¬ 
tivity  and  gradient  calculations) 

•  comparison  of  results  calculated  for  several  reference 
states,  eg  to  check  the  linearity  of  steady  state  responses 
with  regard  to  the  corresponding  control  inputs. 

An  example  is  given  at  Ftg  6, 

The  above  method  was  applied  to  the  following  handling 
quality  evaluations: 


•  airspeed  response  to  attitude  changes 

•  flight  path  stability 

•  control  forces  in  manoeuvring  flight 

•  pitch  axis  control  power  in  unaccelerated  flight 

•  pitch  manoeuvring  capability 

•  Utaal-dircctkaal  characteristics  in  steady  sideslips 

•  lateral-directional  control  in  crosswinds. 

3.2.2  Nonlinear  I  valuation 

Time  domain  evaluations  form  an  important  part  of  the  nu¬ 
merical  assessment.  A  targe  number  of  characteristics  can  be 
derived  from  step  response  simulations  and  conclusions  can 
be  drawn  from  the  type  and  magnitude  of  the  aircraft  re¬ 
sponses.  Simulations  were  therefore  performed  for  each 
flight  condition  with  step  inputs  in  pitch,  roll  and  yaw  de¬ 
mand.  The  evaluation  cf  the  time  histories  can  be  performed 
visually  (eg  to  look  for  critical  sideslip  or  pitch  excursions 
during  roll  manoeuvres),  or  automatically  (eg  to  evaluate  roll 
and  flight  path  time  constants). 

The  main  advantage  of  time  response  evaluations  is  that  the 
effects  of  nonlinearities  can  be  easily  shown.  The  validity  of 
linear  characteristics  in  large  amplitude  manoeuvres  can  be 
investigated  by  varying  the  input  amplitude.  For  instance,  in 
orte  to  coniine  the  validity  of  the  PIO  arscssment  in  the 
case  of  lull  stick  amplitudes,  it  was  possible  to  demonstrate 
that  an  increase  in  pitch  stick  amplitude  was  accompanied  by 
an  increase  in  phase  lag  at  frequencies  close  to  the  critical 
frequency  Otgo-  whereas  gain  was  deceased  significantly. 
Fig  7  provides  an  example  of  nonlinearities  in  the  pilch 
control  path. 

3.2.3  Linear  Model  Evaluation 
Synthesis  of  linear  Models: 

Linear  aircraft  models  are  required  for  investigations  in  the 
frequency  domain  and  the  application  of  criteria  using  ei¬ 
genvalues,  Nichols  plots,  transfer  functions  or  Low  Order 
Equivalent  Models.  With  regard  to  conventional  aircraft,  the 
evaluation  of  linear  models  from  the  nonlinear  model  func¬ 
tion  X  =  f(x,U,l)  can  be  performed  by  linearisation  of 
the  function  /  in  respect  of  the  aircraft  s^tc  variables  and 
system  inputs.  This  approach  is  often  inapplicable  to  nonlin¬ 
ear  models  of  highly  augmented  aircraft,  consisting  as  it  decs 
of  a  Urge  number  of  first  or  second  order  filter  elements 
described  by  digital  filter  macros,  so  that  the  function  i(x,u,t) 
is  not  directly  avaiUble  for  the  complete  flight  control 
system. 

The  synthesis  of  the  high  order  linear  models  was  therefore 
performed  separately  in  respect  of  the  subsystems  basic  air¬ 
craft,  flight  control  system,  sensors,  actuators,  etc.  The 
model  of  the  basic  aircraft  was  evaluated  using  the  conven¬ 
tions!  linearisation  method,  whereas  the  models  of  flight 
control  system,  sensots  and  actuators  were  expressed  in 
terms  of  several  transfer  functions.  The  complete  closed  loop 
high  order  model  was  then  generated  with  the  help  of  the 
computer  software  package  MATLAB  (see  Fig  8). 

Verifkodon  of  Uu  Ili[k  Order  Linear  Model: 

Due  to  the  high  complexity  of  the  system,  the  linear  model 
generated  contains  several  potential  error  sources,  and  ve¬ 
rification  of  the  linear  model  is  •  very  important  factor. 
Verification  car,  be  performed  via  comparison  of  linear  and 
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nonlinear  time  responses,  whereby  problems  vise  from  the 
high  system  order  of  the  linear  model  in  time  domain.  When 
the  full  h*  'ware  models  were  implemented,  the  complete 
closed  rjcp  model  was  approximately  of  70th  order  with 
regari  to  both  longitudinal  and  lateral  motion.  This  fact  ren¬ 
der.  performance  of  time  domain  analysis  difficult  due  to  the 
numerical  problems  which  arise  when  operating  with  70x70 
transition  matrices  with  an  extreme  spread  of  eigenvalues. 
Therefore,  when  time  rkenain  analysis  has  to  be  performed, 
reduced  order  hardware  models  representing  characteristics 
up  to  approximately  4  Hz,  were  implemented  into  the 
complete  closed  loop  model  Tltis  produced  linear  models  of 
approximately  40th  order  with  a  much  lower  spread  of 
eigenvalues,  so  that  no  numerical  problems  arose  when 
using  the  MATLAB  tools  to  generate  linear  time  responses. 
The  differences  in  tlie  complete  closed  loop  models  with 
reduced  and  full  liardwarc  assumptions  are  negligible  in 
respect  of  investigations  in  low  frequency  range  or  in  time 
domain. 

The  results  of  the  comparison  of  linear  end  nonlinear  time 
responses  recorded  in  respect  of  a  large  number  of  (light 
conditions  and  input  signals  can  be  summirized  as  follows: 

Curve  matching  in  nearly  all  the  steady  state  flight  cases 
with  small  input  amplitudes  (5%)  investigated  was  so  good, 
that  hardly  ant  differences  were  discovered  between  linear 
and  nonlinear  time  responses  The  curve  matching  became 
poorer  in  extreme  flight  conditions  (high  angle  of  attack, 
high  load  factors)  and  with  higher  input  amplitudes,  see  Fig 
9.  For  example,  at  30%  input  amplitude,  due  to  a  nonlinear 
filter  block  in  the  longitudinal  flight  control  laws,  the  dif¬ 
ferences  between  the  linear  and  nonlinear  time  responses 
were  much  liigher  than  those  at  5%  input  amplitud..  see  Fig 
9a.  No  such  nonlinear  filter  block  exists  in  the  lateral  control 
laws,  so  that  here  curve  matching  was  good,  even  at  ampli¬ 
tudes  of  a0%.  At  very  high  amplitudes  of  100%  the  nonlin- 
caritica,  emanating  mainly  from  the  rate  limiters,  became 
higher,  so  that  the  differences  between  the  curves  were  in¬ 
creased,  see  Fig  9b 

3.2.4  Criteria  Applied 

Time  Domain  Analysis: 

Time  domain  criteria  can  be  used  either  with  linear  or  non¬ 
linear  system  responses.  Due  to  the  very  good  curve  match 
between  linem  and  nonlinear  time  responses  with  regard  to 
moderate  flight  conditions  and  input  amplitudes  (see  pan 
3.2.3),  the  linear  model  was  used  for  the  evaluat.no  of  the 
following  criteria: 

•  effective  roll  time  constant 

•  flight  path  angle  time  delay 

The  time  constant  was  calculated  in  both  criteria  by  using  a 
tangent  at  the  time  response  curve,  whereby  different  time 
constants  were  calculated  in  accordance  with  tangent  place¬ 
ment,  ace  Fig  10.  Therefore,  in  a  given  time  window,  time 
constants  were  calculated  in  respect  of  several  tangent 
placements  ond  the  maximum  time  constant  recorded  as  cri¬ 
terion  result.  As  shown  below  (see  Fig  IS),  the  results  are 
quite  consistent  with  frequency  domain  derived  time  con¬ 
sults 

Uifk  Order  System  (11QS)  Analysis  in  Frequency  Do¬ 
main: 

In  frequency  domain  analysis,  no  numerical  problems  arise 
from  the  high  system  order  of  the  linear  model,  so  that  the 


full  hardware  models  can  be  implemented  into  the  complete 
closed  loop  model.  Comparison  showed  that  in  high  fre¬ 
quency  range  (>  1  !Iz)  linear  models  with  full  hardware  as¬ 
sumptions  obviously  possessed  other  characteristics  than  the 
models  with  reduced  order  hardware  assumptions.  For  ex¬ 
ample,  when  evaluating  the  PIO  phase  rate  criterion,  the 
pliase  rate  evaluated  was  very  sensitive  with  regard  to  the 
selected  hardware  assumptions.  This  fact  meant  that  diffe¬ 
rent  linear  models  had  to  b:  applied  to  the  analysis  of  time 
and  frequency  domains. 

The  following  frequency  domain  criteria  were  applied: 

•  open-loop  stability  margins  (longitudinal  and  lateral) 

•  a  set  of  pitch  response  criteria  (Nichols  plot  boundaries 
as  shown  in  Fig  II.  bandwidth,  PIO  phase  rate  and 
amplitude  limits) 

•  PIO  phase  rate  limits  for  roll  axis 

•  Neai-Smith  criterion 

•  a  modification  of  the  PIO  analysis  rules  included  at  Ref 
5,  see  Tables  6  and  7 

Most  of  thrse  criteria  form  pari  of  the  relevant  EFA  Requi¬ 
rements,  whereas  the  Neal-Smith  criterion  and  the 
R  H  Smith  PIO  analysis  rules  are  taken  as  additional  tools  to 
provide  the  evaluating  engineer  with  a  different  view  of 
handling  characteristics  in  possible  problem  areas. 

Application  of  PIO  Assessment  Rules 

During  the  discussion  of  assessment  results  presented  by 
Industry,  it  became  clear  that  the  prediction  of  PIO  tenden¬ 
cies  could  not  be  based  on  the  application  of  only  one  single 
criterion.  In  particular,  the  limits  for  the  crossover  gam  (at  - 
ISO  degree  phase  angle)  of  the  pitch  attitude  response  were 
discussed  and  additional  investigations  performed.  The  in¬ 
dustry  also  applied  the  bandwidth  criterion  (taken  from  MIL- 
STD-1797).  The  influence  of  the  non-linear  pitch  response  to 
pilot  inputs  was  investigated  at  DRA  Bedford  using  the 
Nichols  plot,  phase-rate  and  bandwidth  criteria.  An  effort 
was  made  at  DLk  to  apply  the  PIO  theory  presented  by 
Ralph  R  Smith  aid  included  at  Ref  S,  wh:ch  is  described 
briefly  in  the  following  paragraph: 

Table  6  provides  a  definition  of  the  two  PIO  categories. 
From  the  eigenvalues  evaluated,  it  follows  that  Type  II  PIO 
is  unlikely.  Therefore,  effort  was  concentrated  on  the  as¬ 
sessment  with  regard  to  Type  I  PIO.  The  rules  finally  applied 
are  outlined  in  Table  7.  The  original  rules  included  at  Ref  $ 
were  amended,  in  that  evaluation  step  4  was  modified  and 
evaluation  step  8  added.  A  simplified  definition  of  the 
relative  bandwidth  was  introduced  at  evaluation  step  4. 
Evaluation  step  8  introduces  a  check  as  to  whether  stick 
forces  are  high  enough  to  prevent  the  pilot  from  providing 
giving  large  amplitude  periodic  inputs.  Sine*,  there  arc  a 
many  uncertainties  in  the  definition  of  the  boundaries  used 
in  the  evaluation,  tlie  tiles  should  be  applied  as  a  tool  for 
detecting  possible  problem  areas  rather  than  as  s  strong  yes- 
or-no  decision  criterion.  Possible  tolerances  of  system  dy¬ 
namics  as  well  as  the  uncertainties  of  the  boundaries  applied 
should  also  be  taken  into  account. 

Law  Order  Equivalent  System  (LOES)  Analysis: 

The  POLYKO  Method  developed  at  DLR  was  used  to  de¬ 
termine  the  characteristics  of  so-called  'Low  Order  Equiva¬ 
lent  Systems’  (LOES)  (a  short  description  of  this  method  is 
provided  at  Annex  A  of  Ref  I)  In  contrast  to  earlier 


•  • 
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asacssroenU  made  (eg  m  tcspcct  of  Tornado),  LOHS  evalu¬ 
ations  (or  the  FFA  provided  doubtful  result!  containing  only 
limited  infonnrticn  in  respect  of  handling  characteristics, 
t/itich  meant  that  alternative  criteria  using  high  order  models 
or  simulated  time  response*  had  to  be  applied  instead  of 
LOES  cri’eria.  Some  of  the  experiences  are  discussed  here  in 
*  few  words. 

Skari-pttiai  modi  tvalaatiaa:  In  a  number  of  flight  cotv 
ditions  it  was  observed  that  the  HOS  (high  order  system) 
response  hrd  more  than  one  pair  of  eigenvalues  in  the  short- 
period  frequency  range,  the  influence  of  which  was  not 
totally  cancelled  by  corresponding  zeros.  One  of  these  modes 
influenced  mainly  the  pitch  rate,  the  other  more  the  load 
fader  response.  Results  of  the  LOES  approximation  then 
depended  on  the  choice  of  signal  mainly  used  in  the 
evaluation,  as  demonstrated  in  Fig  12.  In  other  cases,  the 
identified  LOES  model  does  not  match  the  given  data  suffi¬ 
ciently.  This  is  most  obvious  in  the  low-g  or  high-g  cases  in¬ 
vestigated.  An  example  of  a  0-g  (light  condition  is  provided 
at  Fig  13.  In  such  cases,  the  uitcmitive  high  order  criteria 
must  be  used  and  the  LOES  characteristics  treated  only  as 
additional  information,  eg  as  indication  of  whether  low 
damped  modes  exist  or  not.  Generally,  it  can  be  concluded 
(hat  an  aircraft  cannot  respond  m  the  'classical*  sense  if 
pitch  rate  and  normal  acceleration  responses  cannot  be  ap¬ 
proximated  simultaneously. 

Appr*xiaatin  af  Uttrtl  LOES  madds:  It  was  generally 
observed  that  the  application  of  a  global  lateral  model  con¬ 
taining  Dutch  rofl,  roll  ard  spiral  modes  did  not  produce  any 
satisfactory  results.  This  was  because  the  results  of  the  pa¬ 
rameters  to  be  determined  were  very  strongly  correlated,  so 
that  no  unique  solution  could  be  found.  The  experience 
gained  from  the  application  of  different  model  structures  is 
summarized  in  Table  8  as  rules  for  a  step-.ise  approach 
Explanations  are  provided  in  the  following  paragraphs  in 
respect  of  the  items  contained  in  this  table. 

ErabutUn  »/  tit*  spiral  modi  timt  enutamt: 
With  regard  to  the  spiral  mode,  a  value  can  be  taken  from 
the  HOS  response.  This  is  because  the  high  frequency  FCS 
mod.j  have  little  influence  in  the  ficquency  range  of  the  spi¬ 
ral  mode.  The  HOS  value  can  be  used  in  the  approximation, 
eg  in  evaluation  step  4  a,  to  fix  the  spiral  time  constant 

EvalaUiaa  af  rail  dan  oastaat;  As  shown  in  Table  8, 
there  are  two  different  definitions  of  roll  time  constant  and 
therefore  two  different  situations  for  the  evaluation  (see 
evaluation  steps  2  and  3  in  this  table).  Determination  of  tie 
roll  time  constant  as  an  eigenvalue  of  the  LOES  would 
require  the  spiral  mode  to  be  included  in  the  model  How¬ 
ever,  the  expen-ore  gained  showed  that  in  most  eases  the 
roll  time  constant  identified  was  highly  correlated  with 
equivalent  'ime  delay  and  other  parameters.  On  the  other 
hand,  when  determining  the  effective  roll  flaw  c outcast 
(TReff  >  ns  a  characteristic  of  the  roll  step  response,  includ¬ 
ing  the  effects  of  other  modes  and  delays,  the  LOES  model 
must  not  contain  the  spiral  mode  explicitly.  If  an  equivalent 
time  delay  is  identified,  it  must  be  added  to  the  roll  (ime 
constant  to  provide  the  total  value  of  Tpjjy  (see  evaluation 
step  2)  Further  investigations  and  comparisons  with  time 
domain  results  showed,  that  the  evaluation  should  also  con¬ 
sider  the  frequency  range  below  the  roll  mode,  even  if  the 
curve  fit  in  trtis  region  is  poor,  as  shown  at  Fig  14.  it  was 
shown  that  the  (own*  evaluated  frequency  should  be  not 
greater  than  0.1  rad/sec  for  the  tow  speed  cases  and  not 
greater  than  0  3  rad/sec  for  medium  and  high  speed  cases  A 


comparison  of  time  domain  and  LOES  derived  results  is 
provided  at  Fig  15. 

Erahtatiaa  af  Dutch  rail  paraaulm:  When  using  the  full 
lateral  4th  order  model  with  all  parameters  free,  it  was  not 
possible  to  find  a  unique  solution  to  the  approximation 
problem.  Parameters  which  were  highly  correlated  were  the 
equivalent  delay  tp  and  the  high  frequency  zero  of  the 
sideslip/rudder  transfer  function  In  order  to  avoid  cocreta- 
liens,  at  least  and  tg  should  be  fixed  (?Sptral  *'•  ^ 

HOS  vcluc  and  tp  eg  at  0  or  0.1  sec  corresponding  to  the 
Level  I  limits)  As  a  consequence,  only  the  frequency  and 
damping  of  the  Dutch  roll  mode  can  be  taken  from  the  full 
lateral  LOES  models. 

Alternatively,  the  Dutch  toll  characteristics  can  be  taken  di¬ 
rectly  from  the  HOS  model  (see  evaluation  step  4b)  if  the 
classical  modes  (roll,  Dutch  roll,  spiral)  are  dearly  defined 
by  the  pole-zero  constellation  of  the  transfer  functions  and 
well  separated  from  FCS  modes 

4.  CONCLUDING  REMARKS 

We  are  confident  that  using  the  specifications,  methods  and 
tools  developed  dunng  out  efforts  and  described  in  this  pa¬ 
per  will  assure  the  safety  required  for  first  flight  clearance 
and  beyond. 

It  was  important  to  us  rot  to  rely  on  one  single  approach,  but 
to  employ  different  methods  and  tools,  pilot-ui-thc-loop  tests 
as  Weil  as  purely  theoretical  approaches 

During  pikx-in-lhe-loop  simulation,  wo  look  great  care  to 
design  tasks  from  which  pilots  could  gam  a  clear  view  of 
handling  qualities  of  the  proposed  first  (light  configuration 

The  pilot  is  the  only  universal  test  tool  All  other  tools  em¬ 
ployed  suffer  from  constraints  in  one  or  several  areas  and 
sound  engineering  judgement  is  needed  in  that  application 
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|  A)  Terminal  Operations  j 

TAXIING 

taxiing 

TO  RUN  NOR 

normal  takeoff  nit: 

TO  RUN  DRY 

takeoff  run  on  a  cb>  runwai  in  lieu  of  a  net  runwax 

TO  RUN  WET 

takeoff  run  on  a  aa  runwzv 

TAKEOFF 

takeoff 

TO  XWINDS 

takeoff  m  crasrwrods 

FLOSS  CO 

thrust  loss,  takeoff  continued 

FLOSS  AB 

thrust  loss,  lakooff  aborted 

FLOSS  TO 

thrust  lost  during  takeoff 

LANDING 

landing 

L  XWINDS 

landing  m  cross*  tads 

WAVE  OFF 

wave-o ff.  goarewd 

ROLLOUT  NOR 

normal  ration 

ROLLOUT  DRY 

ration  on  a  dp  twmav  in  bes  of  a  »tt  rusrwav 

ROLLOUT  WET 

rollout  on  a  wet  ntawav 

r  LOSS  RO 

thrust  loss  during  rollout 

FLOSS  AP 

thrust  loss  in  approach 

\  £1}  Tests  of  Loogituc 

final  and 

[  Lateral-Directional  Handling  Qualities  j 

ACC  DK 

acocteratwa  and  deceleration 

PUSHOVER 

pushover 

wirrspo 

»md  up  tarn  at  constant  speed 

STEEP  TURN 

{Sccpts/n 

PULLUP 

pcILxp 

FL  CO  CONST 

level  flight  wish  cxxipu  centrals  fixed 

FLFCOZERO 

level  flight  usth  cockpit  controls  tree 

TURN  -YAWC 

turn  with  van  controls  free 

TURN  *YAWC 

tun  with  saw  controls  sooi  fcr  on.ed.maoo 

SIDESUP 

sideslip 

RO  STEP  MAX 

rods  »ei  full  roll  owtrd 

ROMAXBOTT) 

roCs  with  jaw  coot/els  used  for  cooriawioo 

C)  Tests  Of  Misceita 

iteoua  Handling  QuaWes 

AIR  TRACK 

asrl oarr'jradltag 

PATH  TRACK 

flight  path  Cracitag 

CONFIG  CHNG 

coefigstaacn  change 

FCS  MOOL  Ol 

FCS  Mode  change 

ASYM  LOADS 

anmctnc  loads 

FLOSS  FL 

thrust  loss  ta  Eight 

FAILURES 

fatium 

2  ENGIN  OFF 

2  engine  (stlwrc 

GUST 

flight  a  atmosphere  dtsmttsnco 

PIO 

PiO  tests 
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FAMILIARIZATION: 

•  doublets  in  pitch-,  roil-  and  yaw-axis 

•  sideslips 

•  other  manoeuvres  on  pilot  experience  and  desire 
CLASSICAL.  HQ-MANOEUVRES: 

•  acederation/decderation 

•  symmetrical  pushover/pullup 

•  windup  turns  at  constant  speed 

•  steep  turn  with  reversal 

•  continuous  roil  (4xL60  degree) 

•  continuous  roll  reversal 

TRACKING  {ACQUISITION  AND  FINE  TRACKING): 

•  level  flights 

•  constant  g-tums  and  windup  turns 

•  roll  reversals  (both  unloaded  and  loaded) 

•  band  rolls 

TRACKING  WITH  TARGET  OFFSETS: 

levei  flights 

•  constant  g  turns  and  windup  turns 

•  band  rolls 


Table  4.  Testplan  for  the  4-Nations  Simulations 
performed  at  1ABG  Dual  Simulation  Fadlity 


Requirement  #, 

Test  Pilot 

Pilot  Coi  »cnts 

Question 

1  2345 

HQDD  J.2.2.U 

IIODD  J.J.l.t 

Do  am  sustained  residual  oscillations  in 

(Collection  of  comments  of  the 

normal  or  literal  sccelcrations  or  in 

1  345 

test  pilots  UAS) 

pach.  roll,  or  saw  attitude  (in  calm  air) 

interfere  with  the  pilot's  ability  to 

perform  the  -vsks  required  in  service  use 

of  the  aircraft7 

— 

Table  $  Arrangement  of  comments  from  different  pilots  according  to  requirement  number 
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PIO  CATEGORIES 


PIO  Type 

induced  by ... 

I 

dynamic  response  of  the  dosed  loop  pilot  control  of  pitch  attitude 

a 

noo-lrackiag  control  or  disturbances 

$ 


Tables.  PIO  Categories  (Item  Ref  5) 


PITCH  PIO  ANALYSIS 

MODIFIED  ASSESSMENT  RULES  FOR  TYPE  I  PIO 


Evaluation  Steps 

Questions 

Answers 

(Example) 

I.  Define  a  model  for  piloted  pitch  control  (Neal* 
Smith-Criterion) 

Close  pitch  attitude  loop 

Is  the  dosed  loop  resonant? 

yes 

3.  Compute  transfer  function  and  spectrum  of 
normal  acceleration  (a™  for  pitch  loop  dosed) 

t.  If  ajp  shows  a  resonant  peak,  determine 
relative  width  v  of  the  peak  and  resonant 
frequency  coR 

Is  the  spectrum  resonant  (eg.. 
if  v  <  0.5)  or  lightly  damped  ? 

no 

5.  Calculate  the  amplitude  ratio 
normal  acceleration/pitch  rate 
at  frequency  cor 

Is  la^/q!  > 0.012  g/dcg/sec? 

>« 

6.  Close  the  a^-loop  with 
pilot  delay  »  0.75  see, 

pilot  gain  adjusted  to  give  crossover  frequency 
a»“P. 

7.  Calculate  phase  of  open-loop  a^j-iesponse 
(in.iuding  pilot  delay)  at  cor 

Is  the  phase  angle  <  -ISO  deg  ? 

yes 

8.  Cr'eulate  critical  p:!ot  gain 

(i.e.  gain  for  unstable  dosed  ioop)  and  compare 
with  limits  from  stickforce/g  requirements 

Is  the  critical  gain  less  than  the 
upper  Levd-I-limit  ? 

yes 

CoucHtiioa 

Is  PIO  Type  I  a  strong 
possibility? 

(Are  all  the  answers  "yes”  ? ) 

no 

•  • 


Table  7.  Pitch  PIO  Analysis  based  on  the  assessment  n  Jcs  from  Ref  5 


STEPWISE  APPROACH  FOR  LATERAL  LOES  APPROXIMATION 


LOES-f.'ode  to  he  evaluated 

Recommended  Approach 

Transfer 
function  to  be 
used  in 

approximation 

1.  Spiral  mode 
^Spiral 

Take  TgpjQj  from  HOS-Respoase,  if 
possible 

Denominator  of 

Literal  HOS 

2.  Roll  mode 

Tfc  (eigenvalue) 

Difficult  to  evaluate  (strongly 
correlated  with  equivalent  time  delay) 

(jVoj) 

3.  Effective  roll  mode  time 
constant  Tj^j- 

Use  1st  order  model  with  time  delay, 

K 

\  +  Ts cxp(“c)-  TRdr“T+t 

P'S* 

4a.  Dutch  roll  mode 

frequency  and  damping 
from  LOES 

Use  4  th  order  model 
with  fixed  Tgpjfjj  and  fixed  tp 
(otherwise  results  are  strongly 
correlated) 

p/6j  and  p/5r 

4b.  Dutch  roll  mode 

frcT-JCttC)  and  damping 
from  HOS 

Take  eigenvalues  directly  from  HOS, 
if  roll  and  dutch  roll  modes  are 
dearly  identifiable  and  well  separated 
from  FCS-modes 

p/5j  and  (V5f 

TABLE  8.  Stepwise  approach  of  LOES-Ddeimi nation  for  the  lateral  modes 


0 
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Fif.  1  Offset  of  jumping  target  ir.  air-to-air  tracking  simulation 


|  Pilot  Ratings  in  Constant  g  Tums|| 


1  1  ^  1  * 

Pilot 

GE 

UK 

IT  j 

l . 

jSP 

0 

Rating 

HQR 

MO 

HQR 

PIO 

HQR 

PIO 

HQR 

i  J 

HQR 

PIO 

Without  turbulence 


Reacquisition 

5 

3 

5 

3 

5 

i 

4 

2 

4 

2.5 

Fine  Tracking 

2 

1 

2 

2 

2 

1.5 

With  turbulence 


Reacquisition 

7 

3 

7 

4 

7 

4 

7 

4 

Fine  Tracking 

6 

4 

6 

4 

<s> 


& 


0 
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fig.  2.  HQR  (Cocpcr-Karpcr-HQ-Ra tings)  and  PIO- Ratings  during  tracking  in  constant  g-tums 
(Ratings  as  given  by  pilots  from  four  nations  and  average  -ating) 


•  • 


Fig.  3.  Pilot  ratings  during  tracking  exercises  'constant  g'  without  turbulence 


•  • 
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Diagram  of  flight  path  stability 

r(*o) 


Evaluation  of  steady  state  parameters 


v.*  m  v,* 


ltepet:  (*l)  =Hz 
U  V)y„  Vb- 

llope2:  (Al)  ,z 

Vj -Ve 


,lope2:  Km 

difference  of  slopes: 


a(  Arl=f  Ar)  ( 

UFJ  UfJ^ 


Calculations  of  reference  state  conditions 


Refer. 

state 

Input  parameters 
for  calculation 

Output  parameters 

4 

EsE5jjH 

cockpit  control  trim 
positions 

b 

cockpit  control  trim  positions 
Vb»V,  +  AV 

Tb-rOW+AV) 

C 

cockpit  control  trim  positions 
Vc  ^  V„  -  5  Its 

7c  =  y<vtrim-5to) 

d 

cockpit  cootiol  trim  positions 
Vd-Vc  +  AV 

Td“7(Vc+ AV) 

Criteria  parameters: 

slope  1  and  difference  of  slopes: 


(*L]  J&\ 

U y)r 


*)  AV  =  snail  charge  of  speed 


Fig.  6.  Example  of  steady  state  HQ  evaluations  (Flight  path  stability  criterion) 


Gain  and  Phase  Increments  for  Large 
Amplitude  Inputs 

2  4  Cam  t  4 


<7N 

**01 

•»  £  A  A 


X<tA(«) 

44  iA<iW  (■»««) 


Fig.  7.  Influence  of  large  input  amplitudes  on  pitch  rats  T.F. 
(measured  in  the  crossover  frequency  region  of  Ok  a^-loop 
from  sweep  stick  inputs  up  to  60  %) 
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Fig.?.  Synthesis  of  linear 
high  order  models 
(Longitudinal  motion) 


Fig.  9.  Comparison  of 
nonlinear  responses  v  ilh 
time  histories  fron 
linearized  models  fer 
small  and  large  phot 
command  inputs 


Small  Amplitudes 


High  Amplitudes 

r&xs«ui 


2  5 

Time  [tecs] 
Pitch  Rate 


2  3  4 

Tims  (tea) 

Pitch  Rate 
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Fig.  10.  Uoo<*i»ainfy  of rffcrtive  rot!  umc  cor. slant  Man  time  domain  cvalnaii  jus 


Pitch  Frequency  R 


Point  A  : -25.18  dB 
Point  B  :  -7.821  dB 
Point  C  : -2.178  dB 

PIO  -  Criterion: 

P180  :  -146.6  deg/Hz 

P190  :  -117.2  deg/Hz 

P200  :  -91.43  deg/Hz 

W180  :  0.6849  Hz 

A180  : -33.83  dB 
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Open  Loop  Phase  [degj 

Fig.  1 1 .  Example  of  HQ  assessment  using  frequency  domain  criteria 
(Pitch  attitude  transfer  (unction  and  PIO  phase  rate  and  amplitude  boundaries) 
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Fig.  15.  Comparison  of  lime  domain 
and  frequency  domain  results 
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SUMMARY 

This  paper  presents  en  analysts  of  current  departure 
resistance  and  high  angle  of  attack  (HAOA)  flying  qualities 
parameters  with  respect  to  applicability  and  utility  ir.  design 
and  assessment  of  today's  enhanced  maneuverability  aircraft. 
Modem  fightcr/atteck  aircraft  poetess  extremely  non-linear 
aerodynamic  databases  and  highly  complex  flight  control 
systems.  In  addition,  these  aircraft  require  both  departure 
resistance  and  mission  effective  llAOA  maneuvering 
capability.  The  limitations  of  using  traditional  departure 
susceptibility  parameters  such  at  Cappyq  LCDP  to 
address  departure  resistance  and  agility  design  and  analysis 
issues  arc  analysed  and  presented  herein.  Discussion 
includes  the  design  philosophy  and  tradeoffs  of  improving 
static  versus  dynamic  departure  resistance.  In  addition,  the 
utility  of  open  or  timed-loop  departure  parameters  derived 
horn  linear  andfor  decoupled  equations  of  motion 
representing  highly  noa-lincar  aircraft  is  addressed.  Finally, 
a  general  methodology  outlining  the  application  and  validity 
of  current  departure  susceptibility  parameters  to  the  modern 
aircraft  HAOA  flight  regime  is  provided  with 
recommendations. 

LIST  OF  SYMBOLS 

A-  Aircraft  Mtltn,  position,  and  attitude 
h  Pressure  altitude 

M  Mach  number 

Ny  Aircraft  lateral  acceleration,  g's 

P.  Q.  R  Roll,  pilch,  and  yaw  angular  rates  about 
aircraft  x.  y.  z  body  axes 

U.  V.  W  Components  of  velocity  along  aircraft  x.  y.  z 
body  axes 

Vp  True  Velocity.  VuJ  •  v 1  .  w 

a,  f)  Angle  of  attack  and  sideslip  angle 

Si  Control  surface  deflection,  (i*  Anadcroa. 

Differential  irailu-.j-edgr  flan.  Rarudder. 
Ocanard) 

p  Wind  axis  roll  angle 

y.  S.  9  Yaw.  pilch,  and  roll  Euler  angles  between 
inerttsl  axis  and  aircraft  body  axis 
R.  Atrofpwfa 

Cg  Cm.  Cn  Aerodynamic  non -dimensional,  rolling. 

pitching,  and  yawing  moment  coefficients, 
i/lpb.  M/qSb.  N/tjSb 

iM.N  Rolling,  yawing,  and  pitching  moment  about 
aircraft  body  axb 

C'  Nj  Total  incremental  change  in  rolling  and 
yawing  acceleration  due  to  incremental 
change  in  state  variable  quantity 
(subscript), 

Jj  “Mg  ■*•(!«*  I ‘jENgJ/ll -(!«/ 

*"(!«, ♦<I„/!I>/I1/|I-<I?I/I,II)1 


C»^OYN  Open-loop  Literal- Direction!  Departure 

Susceptibility  Parameter 

LCDP  Closed -loop  Literal  Control  Departure  Parameter 

T*|.  First  order  tune  constants  of  an  over  damped 

roll  attitude  numerator 

T®,  First  order  tunc  constant  of  the  pitch  attitude 

numerator  which  can  result  from 
unsymmctrica!  flight 


C.  Aircraft  Parameters 


Wing  span 

Mean  aerodynamic  chord 
Moment  of  inert u  about  amraf*  a.  y.  / 
body  axes 

•iy*  lit-  lyx  Cross  moment  of  inertia 

m  M»w  of  lircofi 

S  Wing  reference  area 

D.  MioccKancoM  Definitions 

A.B.C,  D.  E  Coefficients  of  fourth  order  pol)ixenul. 
As4  ♦  Bs*  ♦  ♦  E 

lateral -directional  Dutch  roll  mode 
Accclrratkvi  due  to  gravity 
Dynamic  pressure 
Phugoid  tjongitudinal  mode 
Lateral -directional  roll  mode.  Rudder 
Right-half  plane 

Roll-spiral  lateral  directional  mode 
l opiate  operator.  (s=C  i  j in) 
Lateral-directional  spiral  mode 
Short  period  longitudinal  mode 
Thrust  vectoring 
Eigenvalue 

Natural  frequency  acd  damping  ratio  with 
subscript 

a  Approximate 

*  Defined 


b 

r 

I.-Iy-I, 


DR 

i 

P 

R 

RHP 

RS 

s 

S 

5P 

TV 

X 


(I 

A(s) 

E.  Sulncrlpts 
APP 

APPROX 

AR1 

B 

C 

COP 

DR 

D.DTEF 

DYN 

o 

R 

SEC 

S 

s 

TV 


Square  matrix 
Charrttcr.itic  equation 

Apparent 

Approxunatc 

Aileron  ruddcr-mtcrconneci 

Body  axes 

Canard 

Coupled  stability  axis  system  (Ref  ($)) 
Lateral-directional  Dutch  roll  mode 
Differential  trailing  edge  flap  deflection 
Dynamic 

Trim,  reference  or  nominal  value 
Lalcral-directional  roll  mode.  Rudder 
Secant 

lateral -direct  local  spiral  mode 
Stability  r-cs 
Thrust  vecutring 
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1. 

Tbc  «sf»ttjccc  of  hewg  aHc  10  craiidnrtly  predict  when  aa 
aircraft  ha*  the  fotcftHil  u*  depac:  ccc-Otvlcd  flight  u  M 
oitiy  a  cafcty  tf*«.  hoc  rt  »  air?  p*x«o«x3-,t  in  nu&Uimog 
maiHw  effectivene**  m  tier  ckne-Mcimhat  (CIO 
ravuoctntni  The  CK'  cnvmraaeat  U»**y.  **i  in  !h?  rear 
future  4*  projected  in  he  thxri'.Vrmrd  by  (It  Usoct  duration 
maoetiverw*,  <2)  an  uurraied  import  *oce  placed  on  the 
irarmttewi  between  beyond  vkuJ  ra^ge  (BVR)  as*}  within 
v»o«J  range  (WVR|  ma&eu>cii»g.  and  tl)  eipaattot)  of  the 
nwnktf  arena  into  the  b«**pced  pro:  *£all  flight  ctmkpe 
regane  Tbeas  threat  chartetemtic*  rr^inre  mere  aggretme 
(OMrtitenfl(  and  unprmeo  igiht)  tu  current  and  future 
aircraft  «ku(9>  frrpnocd  ilst>  *iJJ  jewJt  m  aircraft 
capable  of  higher  Com  late*.  uvre-uc d  ciettrol  td 
acceleration  cod  iirxclcrrtw.  capiNUty.  and  c*nt 
importantly.  pvtfck  rv^ve •  p wt ir g  cjpJ^hty  » although  *t 
thr  p^rnUil  c*pcn*«  ot  eocrgy  crater* 

The  fncu»  oo  high  *pecd  fcrfcemaixc  anj  flying 

qtuUrt  i2ur«ctcmtxi  in  Jed  smifl  design*  u»  hot  l>«| 
trader  nr«r  Uu,v»  »itiv  fuwUgc  WvkJcJ  maaJineitia 
charjLirnvtecv  end  rtxJmtd  cirt*.  %l  ability  au  frame  den:gm 
To  these  design  ihc»Srmoct  »hf  adcro  unttfs 

utilize*  *  highly  jKtgrorctn)  flight  control  *y*tc*n  -*rth 
i&ifru  un  ccttCten  *?4.*!k«.«>  t ’o»JtrilKh&ng.  predating  and 
drugmeg  for  departtte  iouti2l  amti! t  mntkinf 

dcurrd  level*  of  aiwcuvexahjlny)  but  spared  the 
Jotk'pnvtnt  of  bMfi)  aircraft  Jepetorc  wKepihlit) 
cnlcm  and  gudiluet  that  originate  with  the  Jtttkpraem 
of  the  Nmc  dmct^oai  %*c  aibcrt  <xk  %uFvlity  Jtmitm 
<*agj  The  fett  ftjcotvxved  R»«vkm  nniift  tttnhKo  hate 
{titapuj  Lac  temiuy  in  lont!  the  jppfxatkT  and 
«pptopna*cnca*  of  cUimal  dbfwtsrr  parameter*  and 
*u*cepfihtUty  catena  tr.  txxlay*  cresptce  design*  Thu 
papo  diKtmcs  the  major  departure  muunt  cntrrn 
♦pccifically  framing  on  tLea  aoJ  bmttatma* 

relative  to  third  nad  fourth  generation  fighter  cU%»  aircraft 
In  pctmdwg  guide  lax*  foe  the  analytical  detenniaabna  of 
aircraft  departure  the  (dent  u  r*H  to  enk'oe 

oce  criteria  over  arxhcr.  re  !*•  ro  Urate  **b*t  t* 
recommended  tn  Mil.  STD  IVA  <refc7mce  ill)  Rather 
an  attempt  is  made  tt>  pota*  **A  the  departure  tmcepfehdrfy 
prediction  tccCinxjue*  which  *fr  m“*t  appropriate  at  t  anrer* 
ctage*  of  the  dcaign  In  da*  paper,  applicaiim  of  the 
departure  parameter*  wiU  he  analyzed  u *wg  *pec*fie 
caamplc*  ftien  the  X  II A  data  has* 

2.  AIRCRAFT  MODEL 

To  he  aWc  u»  geediet  and  analyze  unraft  tkpot«c 
luwreptihdity  and  I!  AO  A  (lying  (ptklm  »itA  AcepaHe 
accuracy  depend*  primarily  im  the  ability  to  formulate  a 
eaUJ  aerodynamic  mathcmaticil  rooiet  Fie  the  pc»p*»*e* 
of  Uu*  paper.  U  it  atiooed  that  the  desired  ItADA 
aerodynamic  quanirfie*  tie  ('^.  C’«^.  etc  )  ate 

accurately  measured  m  a  wind  tunnel  or  confuted 
anaiyticadiy  wtlhm  %  good  trt.fhJtnce  level  However,  fie  a 
rwmhcr  of  nraxom  thi*  i*  not  a  uraight  f<o  aid  taik  feu  the 
MAO  A  flight  irgurve  and  the  a**umpCron  that  the 
aenvlynunx-  data  can  he  accurately  determined  |  cither 
etprnmecHally  ra  a  wind  tunnel  or  analytieaJly  utirtg 
troptnea!  or  computatrema!  orthevl*)  tan  he  p<euxmpronu* 
and  lead  to  fahe  cimcluanuu  Ire  dm  rcatoct  gtxxl 


cflgwetreig  juigoect  u  called  for  to  tvoiocl  *tt**«tmty 
•aalyve*  wbete  appropriate 

Of  particular  mterctf  to  the  flight  dynamar*  eugnaecr  m 
term*  of  gerdaeling  w  aaztTaft  *  tendency  to  depart  frrea 
conteofted  flight,  are  thwe  lV*w  shat 

AigmfKanOy  vary  »tch  angle  of  attack,  and  that  can  retail  ,% 
iijiWRttiw:  effftti  even  when  the  unrift  cumtuni  a  mo 
iaktahp  attitude  Two  *igzu/katu  phrmnnena  of  thi*  kwd 
that  characterize  udar  *  figtte*  ccofiguraexvo  tee  i ) »  the 
fonmatme.  wyuxzxtnc  ahcddtng  and  break  of 

fcrelvxf)  vcrtKc*.  and  the  fmaitoa  ted  aaymexrtnc 
H*>tmf  of  vr»g  kaixag  rdge  vreocr*  These  fh-nejev- 
hrerese  cvco  more  cnnpka  if  an  oveiUaiiey  :nrt»or  tee 
prtch  osctUttuvi)  i*  wpnapvJ  -«  the  pnwatv  vteady 
flight  trajectory  «irfcmiel2ti  These  1IAOA  fV*w 
phenomena  ha*e  targe  effect*  on  d  t*yr  undnunw* 
cfcaraccrmuc*  of  the  am^aft  mcltvlmg  of  mrw  the  *tafac 
trvi  dyoaiCK  icttvlyoaiRte  uoNhiv  parameter  The  sao*i 
wprtMit  %*f  tLoe  effect*  on  the  dynam*  mfnjrty 
paraoetei*  srr  «!•  Urge  aivdincor  variatams  M  the 
aerodynamic  *£ahthty  »lm«  alive*  with  mgk  W  attack, 
uaicslip  angk  *te*croflzr  dcfkctawvM  aod  Mach  own  her 
(2>  luge  oif*L-ur  «otsr*d*  tc.  wuvl  tw<Kl  irci  Jen«cd 
dynamic  *taKlity  derivative  daea  doe  to  ugmfkac* 
van.’fxn*  -f  di?  dale  a.  a  ftactioA  -d  fer^u^y  acid 
amplmak  .d  the  -o-o/af  fate  u  e  Oxhihcy  arts  roll  rate*  <** 
iigndican:  arrrdynamx  *n>»*  t^vtpimg  hctsccn 

Vrgjfidaul  drg/rr*  if  (rcnkxn  «t<  (  Cfc,|  and  Ui 

Unc  dependent  u«  live  rrpmented  ^y  tune  rate  cf 
chdge  tA  the  arnvlyRamx  a ogVc  ^  g  i  anl  ilpvmu 
effect*  Note  that  each  .vj  these  Uk*  effeef*  are 
ouefigwateno  dzpeulrot  Kefcmxe  2.  di«cu»*c»  ihe*e 
affect*  n  grea:  *<ngth.  hut  for  the  purpne*  .f  tn»*  pqxi  the 
(twin  wiU  he  .*a  the  imparl  thc*e  elmmt  h**e  m  the 
mctknd+'gy  mjutrtd  t*»  Acuraicfy  peedxt  aircraft 
departure  umcptiNbt} 

3.  NTABIUTV  AND  THE  WCIfk  AlROt\FT 
EQUATIONS  Of  MQfT  H*S 

Aa  am.  rift  drpnture  v*  gcncsaltv  defined  u*  he  «  dnergert 
large  ampUfaJc.  stontcaavW  auvrcfi  n.te«  hc  piUh 
op.  O.HC  *Ikc  roU  rrvenal  rti  *  Tlu*  dcfimtKwi  «an  he 
furtUr  refused  t*ce  rrfemxe  ( 'h  and  a  dm -txtom  tlJ»  he 
made  hctwewo  <pcn  k*p  and  timed  loop  drpeturt*  An 
iVrttolonp  depart  err  dcnrrrt  an  ctfcraft  moahkliTy  with 
rope*  to  an  mind  flight  oedrim  Thai  t*  oca  it  the 
pjrt  »kve*  me  mow  the  coocoH  xxatJl  perturttetuvn  in  the 
aircraft  Hate*  hoikJ  up  until  the  aircraft  can  oo  kmger  Fw 
<ontf\«iIed  In  a  ckwcd  k«*p  departure  the  ham  am  raft 
may  or  may  or4  he  omtahk  hut  thr  i*  j  p*k*» 

and/or  flight  owtiid  ayntem  iH  S>  k— p  vkwure  create*  an 
uctrtahk  vehtek/jvka  *y*tem  Tkav  the  tinted  k**p 
departure  ha*  to  do  with  Use  suNltsy  of  the  omraft  due  k> 
ntWPTS  cootnS  input*  aod  Jnp  cknure* 

AflilytKilly  predicting  the  *visrrttnt  of  an  air; raft 
departure  frrtn  control  led  flight  »  mvanaMy  ha*ed  na  the 
Muorpm  u»ed  to  foenefate  the  math  n*del  «aueraft 
«juannc*-.d  motK«  (BDM>  mclodieg  the  flight  mwHtoI 
lyilexn  aa  ncccacary)  which  de*cnbc*  the  response  «d  tlr 
aircraft  to  wiliil  condilKxu  item  ajhrTX  dtoltahancc*  and 
tysUm  fwlurr*  te  e  psogailtnoi.  flight  cinfnd  tycicm  ete  ) 
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1j*x  i3  [*ytsV,  lyun'-  Or  u*  degree -of  uttAim  EON 
dcunbog  Ac  dyaumuc*  0/  *  ftg wt  ancraft  mt  texbac*  *»1 
biK  tueat  -»arf»g  p«fic«n  TV-  crmccge  ft  nroliacar 
tpim  /jhbfp  n  vtfj  touch  th/ferem  than  tbr  tt  Imcar 

tjtttfti  Tt  0  tsKH  t>t  CP  itjteily.  tt  iW  W  of  11,  it  a 

frrfmt  M  it*  ittttUM  pMmtxtt t  Ixxtr  tyne*.  ami 
UaSthty  n  d-eetmi-xd  I7  lb*  tt/rruic*  of  Ac  ay*»e»  In 
Kiduvsi  (be  itaixhrj  ft  t  tmeaf  sytsem  it  unaffected  by  it* 
tmoaf  andiiKta  or  ret  forcing  (ox tret  Cm  nml  tx 
uirrt  when  applying  that  bat  uaacnxwl  nach  that  the 
mwi;</n  tebcreni  to  [be  deid-ynxM  of  tit  barer  model 
u  *  nr<  «»<inaJ 

la  Otiotit  1  anharat  -.yuam  may  Sr  t*aMc  (or  .«  [aft* 
re  uatui  anjilm  an)  untuNr  ft*  another  TV*  it. 
liability  fie  1  irulineat  tyiicra  it  generally  not  a  tjrttts 3 
grt-pon  Sot  a  pt-pcrty  of  *  *•***» 

»«etrv.«Jaif  k»  a  gisrn  uuual  condition  of  It*  wxvfiucjr 
.icu-m  There  on/.xlvr-anlr  etttli  no  cnn-xeirnl  meOxxi 
fee  tic  At*nrmat««t  of  the  alaStUy  of  1  nonlrxx  ayatetn 
a  general  In  tnr*r  ca*e»  this  forces  anrntn'ia  ft*  he  fixated 
I'd  die  tuSdily  tt  a  canliae-a  tyitcra  in  the  trgax:  of  1 
Jeerm]  trna  totaa.®  The  tcf.xenrlaraoo  of  the  aonlmcar 
(Path  sudd  »»■•*  a  baeartued  «et  of  cquatmaa  shout  <  xtiei 
ft  defined  retrmva  putt  «  »  effective  xvl  wv.Hy  o—.* 
technique  V'  txgm  to  tudcratxid  Ox  itaHhty  t  hart*  lent  Ik  t 
of  a  meCtftex  tyatem  lii*  mctVd  it  prvifiaSIc  pro-vidrd 
lhaj  the  otageitudea  ft  the  pcrtceSatau  quantities  anl  the 
ihtec  » guesting  jaetti  ttaed  1’  define  the  linear  model 
rc(*idu*c»  the  rsxiiisntr  «y  tteci  trr.aer.K*  drquauty  i"tl  a 
tuifxKi*  tone  if*n  1-wh  of  the  ankit  *eo  jewirvlet 
tsaSihty  nirnntae  talal  fee  a  patKaiat  trguxi  of  the 
fit (hi  rattlir*  anJ  Jv.Tnitv  atulym  tatntj  the  o« 
insightful  timpiifieJ  linrx  Itthajoet  Ibmerer.  tare  matt 
lx  <  arrived  tn  avoid  c  t  trap. -far,  pg  the  rewlti  beyond  the 
»aW  linear  region  When  the  loearuwig  atiampaoai  art 
me  juitifxd  the  anatytlt  of  the  mathetaabcal  twdcl  oiotJ  he 
earned  on  using  »te  it  more  ft  the  nelioee  antlyti* 
tnetfnxS  (tee  refer* r*e  t4i» 

The  liability  or  larfNan  |A|  rnatru  formulated  from  the 
et«ltJ*arSndyaattngtdbOMttgiveauifigoretl!  aealtt 
comjdetrSy  gencrtl  wuh  the  only  attompaoeM  heoig  (I)  that 

the  a«vraft  tt  tymretncal  ahoot  rtt  tr  plane,  fj)  that 
attitude  if);  and  Sant  afx  l«  I.  pefturtMlwnt  are  tea  all 
tappeveioitJaiy  Jew  than  IT  degrteih  and  U)  the 
ar«J  *fft)  dynamic  tramlaaoiul  rate  den  rati  ret 
lU.  N,.  i».  N».  ¥,.  Z«<  are  tern  Tnen  thtt  eotnplela 
«»  dtjmof  fieeiben  eDOF)  main*  rereetenlataco  of  the 
HIM.  all  of  UiJtyt  tires  departure  unceptiWity  tntma. 
m  tpectfied  in  the  Mtlruey  Ry»*  QnaHiet  tpeetfieaUcm. 
MII.  I  -fs/lA.  and  trsec  revest  teehracal  fiipett  (rrftreneer 
(5)  (*)>.  can  he  denied  Tn  am  re  at  the  analytical 

rcUumeiVipe  (4  etch  of  the  linear  deparliffe  uncepObiUty 
etttcru.  itmplifytnf  aaintnpoom  rauxtated  with  the 
compete  tu  DOF  linear  IX5M  art  employed  The 

motivation,  at  with  many  (light  dynattue  ajyJicaSiom.  »  to 
reduce  Pie  citr  plenty  of  the  perNerti  and  pemnde 
engineering  uutght  T«i  it  eipeciilly  ttnporunt  when 


I’  » 

Jeiignc*|  fry  drpaftere  reuitanee  eaefy  m  the  dettgn  f*a»e 
where  hunted  temdyrutwc  daU  tt  aictlaNe  am]  majot 
exedigwation  layout  dectutw  (mckaing  rentroiter  tire), 
are  being  made 

TiHe  I  ehneedogically  ettet  the  may*  departure 
luiceptMtty  criteria  dcieatyoacnit  toe  baling  the  latnoaled 
rete-atbcrfi).  referenced  %**««).  aril  the  analyfical 
eiprtunott)  It  thculd  (x  noted  that  rome  of  the  departure 
tuiceptiSdity  cntcru  dreelopincntt  thowr  in  TaMe  1  are 
cure  *  lonely  c  Unified  ai  itabtlity  parameten  at  oppwed  to 
pxamekrr  hit  rite  Seen  correlated  with  aircraft  departure 
luueptahthty  Alto  note  that  Imeanrataco  of  the  nonlinear 
ngid  hrdy  BOM  tt  cceumei  to  the  deniataon  of  each  Thia 
pceeU  to  Ox  need  to  obeatn  paramclen  which  amplify  the 
gecNem  «ki  albrwi  the  dctigeer/aoalyat  eng  meet  to  perdact. 
aaieu.  and  modify  the  1 1  AO  A  aircraft  ataNlity  dcugn 
charactcnttaca  early  tn  the  dcaigft  phaae 

4  OFTA KTVllE  AN Al.VSIS  OF  A  HUJJMBWRV 
X-.'IA  CONFKtTlATlOff 

Ihing  the  aendynamx  dau  Sale  of  an  early  X-3IA 
cnnfigturatioa  (rtferrtxe*  (I7y(»)b  the  appficalaon. 
adearxaget.  anJ  Jeficacnaci  of  the  mayor  departure 
nncrptiSOity  cnlena  err  ditctmtd  late  TaNr  I)  The 
fCvitkir*  o*  figure  !  illr-f- 1'  p  the  «pce-pei«te  utdiry  ft 
each  of  the  cntcru  at  a  functaon  0/  the  Homed 
jumfynamte  math  model 

4.1  X-31A  Aircraft  Aeeody-xnxc* 

Tht  X  TIA  UatK  vtabilify  and  vcotml  denvaicrea  were 
ctenguted  Inxn  the  nontineae  aenolynamir  data  tiiac  of 
reference  (lh)  uimg  Keh  a  crntril  and  fixwanl  ncmeneal 
difference  teehupae  (tangent  thee  Imemrataoo  method)  aa 
riven  Sy  eiptaaon  ( • ) 

Cthftnf  IhCUoKX 

'•'fi'l'itlt  *fdC|)tl,  _ha 

C.  w  —  ■  - "  - .  T 

’*  2A» 

Esoiri  Qjhrr>q 

c.  - - * - *• 

'*  At 

Fee  purpotci  of  tbit  aoalini.  the  odettip  demattvec. 

C^.  and  Cjf  were  ctenputol  fn*»  the  nonlinear  dataSeac 
wing  the  tec  jot  methnl  (defined  m  reference  (12))  The 
ice  art  method  it  analog  out  )o  the  forward  diffcreno- 
technique,  eicept  that  *0  u  equal  to  ecto  The  differencing 
uatcraal  ft*  each  ■ndepcndcnl  vanaNe  (1  e  .  M.  a.  h,.  etc  ) 
eu  chorea  to  corvtpood  to  the  tcuUcrt  tnlcrval  aatoctalcd 
wtlh  the  nonlinear  ialahute  The  yidetbp  auKltty 
derivative  dau  (figure  T*  were  calculated  aa  *  functioa  of 
M.  a.  and  p  The  control  effcctiveue**  denvativta  (figure 
4)  aatre  eakelticd  as  a  functaon  of  M.  Oc  and  4,  Taken 
(torn  reference  (II).  the  dynarme  dtrtvaUve  dau  (figure  J) 
tt  shown  aa  a  functKQ  of  a  Tfcocigfcnut  the  anilytu.  tt  was 
assumed  that  the  canard  and  fcadiflg-edgc  flap  control 
defier  taro  followed  dace  reipcclivc  t-g  trim  tcheddc* 


HXlh) 

EQ(I*) 
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T*6i«  1  Chroookxjv  o (  Malor  Onpartun  Stability  Parameters  and  Critaria 

DEPARTURE  PARAMETERS 

RESEARCH  ER(S) 

DATE 

CRITERION 

(REFER  ENVFSI 

<1950 

Lateral -directional  Aerodynamic  Static  Stability 

Unknown 

Ct£  >  0 ;  C^j  <  0 

Open-loop.  Symmetric.  Litcril -direct] on il  Suuc  Subility  Moul  &  PiuUon/NASA.  Langley 

C*9ovn  >  0  (Ref:  (0)) 

Ciotcd-Ioop.  Symmetric,  Lateral-directional  Sutic  Stability 
IjCDP>0 


1971 

Open-loop,  Symm*tric.  Lateral -directional  Static  Stability 
a.p>0  (equivalent  to  >  0) 

Closed  «!ocp.  Symmetric,  Lateral-directional  Static  Stability 
c.p  >  as  (equivalent  to  LCDP  >  0) 

Jenny  (Me  Donnell  Douglas 

(Ref:  (10» 

1971 

Combined  Opcn'Closcd-Ioop.  Symmetric.  Lateral  -Directional 
Static  Stability  Criteria. 

C*00YN  Vf  •  J-CDP  Criterion  Plaoc 

Wcisstnan/Atr  Force.  Wright  Lab 
(Ref.  (11)) 

1976 

Revise! 

Tiiinga  &  Skow/Nocthrop 
(Ret.  (12) 

1980 

Revised 

Joknston/Systems  Technology  Inc 
(Ref  (13)) 

1974 

1.  Close/t-kxv.  Asymmetric  Subility 

!/T0)>O 

2.  Ojvn-kvp  Asymmetric  Stability  Parameters 

.  -  Aerodynamic.  L’a.  N*a 
•  Kinematic.  Zp.  7< 

Jofcruion/Systcns  Technology  Inc 
(Ref  (14)) 

1978 

Open- lory.  Asymmetric  Lateral -Directional  Static  Stability 
Coupling  Stability  Parameter*  Nprop.  >  0 

Kalvistc/Northrop 
(Ref  (IS) 

1980 

L  Closed-loop.  Symmetric.  lattral-Dircctioo.il  Stability 

1/T#|  >  -0.5.  1/To2>0 

2.  Closed- loop.  Asymmetric. lateral- Directional  Stability 

*>  A  "> 

- («<•  r  >0 

▼ODf  'rCC# 

Johnston/Syueros  Technology  Inc. 
(Ref  (13)) 

192' 

Closed- loop.  Symmetric  Flight  (Statics  Only) 
c*pArv>0 

Pcl&an/McDonncII  I>ougIas 
(Ref  (16)) 

1989 

Dynimic  Subility  Paramercta. 

2  .  M_  .  M  <  0  and  H,  .  N.  >0 

T*ax>  "rop  "cop  Strip  Stop 

Kal  vme/Northrnp 
(Ref  (55) 

19SS/1990 

Routh-Ilcrwitz  Dynimic  Subility  Pirimcteri 

A.  B.  C.  ind  ABC  >  0.  wire:  1  AWIlatuxis  “  »^+A»UB»+C 

CboJy  A  Skow/Fadc&cs 
(Ref  (7)  it  (8) 

$ 


s 


% 


•  • 


4-2.  HAOA  STABILITY  PARAMETERS  AND 
DEPARTURE  RESISTANCE  CRITERIA 


space  rcprcacnutinn  of  lhi>  linear  model  using  a  bnjy-aus 
coordinate  system  is  given  in  equation  (2)  (Reference  (21)) 


d-Z-I.  Ca0QY>'  Subility  Parameter 

The  Cnpjyyyj  stability  parameter  can  hert  be  understood  and 
applied  as  derived  from  the  general  aircraft  linear,  rigid 
body.  EOM  (without  flight  control  system  augmentalion)  by 
considering  the  stability  of  the  linear,  uncoupled 
lateral/dircetional  dynamics  (i  e  ,  Pp=0  40*0  degrees.  R^. 
PpoO  deg/sec  and  no  -en-dynatnic  cross-coupling  or 
translational  rate  derivative  effects  considered).  The  state- 
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To  lest  for  stabil.ty  the  Rouih  Hurwitt  Stability  Criterion  u 
applied  to  the  characteristic  equation  of  the  linear  system  A 
matrix  given  by  equation  (5) 


•  • 
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0 


|Xl-Aj  =  0.  or  AX4  +  BX3+CXj  +  DX  +  E-0  EQ(3> 

Solving  for  I be  coefficients  of  the  chamcleriitie  equation  (EQ 
(3))  yields, 

A«l 

B--or.+rp+N',> 

C«N,(0»-Y,)-r.(Yf+Wr)+r>(Y,+M-t)+(Y.N',-S'fX'.) 

D«  N',U\(  I'p  ♦  Ws)  -  Y.i'pl+N.U'ptYr  -  tV- W„)! 

♦  N'pl  Y.r,  -  /-.(Y,  -  oji + r  m.  -  r,i 

E  -  -l  <X*  Ooir .  .f p  ua  S0  +  N',  crp  t*a  e„  - 

A  dynamic  system  becomes  unstable  ami  divergence  well 
occur  often  one  or  mote  of  the  root*  of  tie  characteristic 
equation  (eigenvalues)  becomes  positive.  According  to  the 
Routb-Hutwitz  Stability  Cr.lcrioe.  the  characteristic 
equation  described  by  'die  quastic  of  cqualioo  (3)  will  have 
positive  eigenvalues  (RHP  poles;  if  any  of  the  coefficients 
A.  B.  C  D,  £  or  if  the  combinatioo  of  coefficients  BCD* 
AD^B'E  becomes  negative.  The  Coppyj,  parameter  if 
specifically  derived  from  the  C -coefficient.  Rearranging 
and  simplifying  the  C- ^efficient  to  noo-dimensions]  form, 
yields. 


To  arrive  at  the  expression  for  C.^  most  often  seen  in 
the  literature,  the  terms  of  equation  (4)  containing  products 
of  derivatives  are  usesal  to  be  small  in  niptiatlc  (second 
Order)  aa  compared  to  the  other  terms  (i.e..  thereby  omitting 
terms  Cj  and  Cj).  and  the  terms  (pSh/SmjCy,  and 
(pSWCmjCyj,  are  assume.;  small  in  the  Cptcnn  relatr-e  to 
cosa  and  rina  respectively.  Applying  these  eimpliftcalroo. 
the  well  known  erprerrioo  for  vTspoVN  cir-  be  derived  as 
given  in  equation  (5). 

C*  ..C*  ooseto-ti,/ Ii)C{pitnao  EQ(J) 

In  genera]  terms,  positive  static  stability  it  a  necessary 
property  of  a  linear  system  if  it  is  to  be  dynamically  stable. 
In  the  ease  of  an  aircraft,  the  CnjJjjyj;  criteria  (aC)  defines 
the  minimum  requirement  for  positive  open-loop  lateral- 
directional  static  stabjity.  A  minimum  value  as  correlated 
with  departure  suscc,  tibSity  is  debatable.  Reference  (16) 
suggests  CnPoY},  >  0  0(M  l/dcj. 

In  order'  to  be  ter  understand  the  underlying  validity  of  the 
above  simplifications  to  the  Cwscfflcicitf,  uied  tc  denvc  the 
CoJorK  parameter  expreuko.  X-31 A  data  was  used  to 
study  lateral -directional  static  stability  based  ext  various 
forms  of  the  CnSoyj,-  parameter  (ace  tabic  II).  The  anvlyicr 
showed  that  Cn^y,  XCngo-yJarmcc  *"<1  iCtJftwshOT 
arc  essentially  cqr  al  in  value  at  all  the  flight  conditions 
analyzed.  This  ctu  be  seen  as  preaented  ia  fijurt  6(a). 
Thete'ore  the  effects  of  usittj  the  prime  derivatives  (which 


include  the  effects  of  Ixz)  and  the  C2  and  Cj  terms  are 
coneld-’ed  to  be  negligible  relative  to  the  nominal  values  of 
C*6oyn  calculated  using  the  classical,  simplest  form  of  the 
equation. 

TABLE  I!  Variant*  of  the  paramatar 

Invastigatad 


PARAMETER 

DESCRIPTION 

fctJOYN 

As  defined  by  equation  (5) 

(CafiPYNlaPfttOX 

As  defined  by  cqua joq  (5) 
except  using  Uk  un pruned 
sUHIiry  domtjvci  (Lc.. 
Iu=0). 

As  defined  by  equation  (5). 
except  the  stability 
derivative*  were  cakuLtcd 
using  the  jca-J -based 
technique 

(C«4mN>ror 

As  defined  by  equa&na  (4). 
Include*  dynamic 
derivative  Lena*,  t  c..  Cj 
andCj 

Additionally.  companion  of  the  calculated  (Capoy^Jjac 
shows  j  very  close  comparims  to  over  the  AOA 

range  investigated  (sec  figure  6(b)).  This  can  be  interpreted 
to  mean  that  the  yawing  and  rolling  moment  sideslip 
derivatives  for  the  X-31  A  arc  reasonably  linear  with 
sideslip  angle  for  19 S  10*. 

From  the  versus  a  plot  of  figure  6(a)  it  can  be 

concluded  that  the  X-3IA  conf.guralko  overall  exhibits 
stable  unaugsaented  latcnl/diiectsonal  static  stability 
characteristics  across  its  AOA  envelope  at  M=C_2.  The  data 
also  reveals  three  areas  of  interest  where  reduced  levels  of 
Utcrilfdirrctioaal  static  stability  may  wish  to  tw  further 
investigated  with  respect  to  FCS  augmentation 
requiremceta.  These  regions  are.  (1)  the  low  AOA  region  of 
-10  to  0  degrees  AOA.  (2)  15  to  23  degress  AOA  .  and  (3) 
the  40  to  45  degree  AOA  ranee.  Regions  (I)  and  (2)  are 
rrcas  where  the  X-1 1 A  exhibits  its  lowest  values  of  Csfow 
In  region  (3)  the  data  indicates  a  very  large,  sudden, 
negnrive  decrease  ia  C*goY>e 

It  should  be  noted  that  Ctfoy^  remains  positive  throughout 
the  AOA  range  investigated  even  though  the  directional 
stability  derivative  Cng  docs  become  significantly  negative 
at  higher  AOA  The  reason  fee  this  is  because  the  (IrdiJj 
term  applies  a  taolliplycg  factor  greater  than  II  to  the 
effective  dihedral  derivative.  Qp.  This  causes  the  dihedral 
effect,  wnich  lends  to  increase  with  AOA  to  domssste  the 
UterzlAlireetxHi]  static  stability  characteristics  of  the  X-31  A 
shout  the  velocity  vector  which  results  m  improved  departure 
resistance  from  a  static  perspective 
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As  a  good  approximation,  ibc  Cs^yvj  parameter  cm  be 
rallied  to  the  Dutch  roll  natural  frequency  u  fiven  by 
cquitioa  (6). 

C*pDyyaa«/,,Sb)^»  KJW 

The  auiumptioo  if  th*t  NJ,  pande  r  *ud  the  gravity  tram 
of  equation  (2)  are  neg!i(it4e  *i'h  respect  to  the  Dutch  toll 
mode  dynamic!  (ice  reference  (22)). 


The  CnfJoro  itabilit)  parameter,  and  its  variants,  have  been 
successfully  applied  as  an  asreraft  departure  susceptibility 
parameter  with  good  accuracy  on  aircraft  such  as  the  F-t. 
F-106B.  F-15  (see  reference  (8)).  AV-8B  (see  reference 
(23)).  and  F/A-lt,  (see  reference  (16)).  Its  good  corrcUuco 
with  flight  test  data  comes  as  no  surprise  in  cases  where  the 
aircraft  departure  is  due  to  umtabie  lateral -directiooa) 
stalks,  whereby  an  aperiodic  divergence  associated  with  a 

negative  value  of  CUj^  as  determined  prinunly  by  a 

negative  CcJqvjj  value.  In  these  cases,  independent  of  the 
aircraft  dynamic  stshefsty  characteristics  the  aircraft  will 
•f-pare  creOrlke  ftigh*  •rd/o'  v.  v— y  ittriVwfc  -  xlr! 
nccacse  the  aircraft  is  sofficsectly  statically  unstable, 

4~2~2-  Stability  Parameter 

To  assess  the  effectiveness  of  the  use  of  availsbk  yaw  and 
roll  control  power  to  jcg.recc  a  hire  airframe  with  unstable 
sLstK  direetioesi!  stability  (as  siabcaicd  by  a  oc^save 
value),  or  cnovrrtcW  to  sjctennssc  an  i-nrifi s 
static  dscctsoaal  stabilsty  degradstwo  doc  to  adverse  control 
effects.  Priibsn.  (Refcrenee(IA)).  developed  the  C^Afr 
psnoster  given  by  equation  (7). 

-fii-J  p^^^^Wxsrasj 


fWC.)ksvUC.)CXWTloul 
l - J - ]° 


m  (7» 


(Note,  an  aircraft  a  cmntecJ  to  be  (Jrosrter  rcssuscc 
w ben  is  pTJtcr  ibin  jxto  for  ibe  sideslip 

ran^cefcs!crcjt(fcfcrcncc(  16)) 

h  a  fcr  *1  tcnK,  C»jjaP?  nVfrriics  (be  nlatiocthip  berweeo 
U..-  rciiccifjj.  or  pvpcHmg.  angular  accelerations  that  result 
wh*n  tbs  xtrcrrft  is  perturbed  to  sideslip  and  the  tngular 
icccifnu,ra  Our  result  fror  the  forbf  Sfvscoti  doe  to 
control  C'ikvriocs. 


Bj  assuming  either  a  syicslip-to  roll-codmi  angmentatton 
crfifrH  law  (xs  represented  by  the  pin.  K>WP)  «  a 
sideiLy  to-yaw  cootroi  law  itnxtoc  (as  fcftricud  by  the 
gain.  Boost *oc  (7)  ccn  be  rewritten  as  given  in 

equalica  (SX 


I  p 


Xtar.ifT^— 1 
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HQ  (8) 


uno 


In  (his  form,  it  can  be  seen  b oru  can  be  used  to 

develop  preliminary  departure  resistance  control  law  design 
structures.  Aircraft  which  exhibit  rv’.-x  lateral -directional 
departure  resistance  characteristics  can  <  the  result  of 
unstable  u«t<cs  (C*Poyn  <  0).  or  tlic  atTMSc  effects  of  the 
aerodynamic  controllers  (i  e..  generation  of  Urge  values  of 
advene  or  proven*  yaw).  The  parameter  addresses 

both  of  these  issues  and  defines  a  method  to  assess  whether 
sufficient  control  power  exists  to  augment  Cnpow  to 
desirable  levels  for  departure  resistance. 

As  noted  m  reference  (24)  and  the  original  work  *nMuhed 
by  Pc  Idem  (reference  (16)).  ihe  concept  of  using  u-e  cccan* 
method  for  calculating  the  stability  derivatives  rather  than 
osirg  the  local  'augent  value  of  the  slope  is  an  attempt  to 
remove  local  aerodynamic  con  linearities  from  the  problem. 
Their  is  no  theoretical  basis  for  using  the  secant 
linearization  method  and  the  results  (as  Pelifcan  observed) 
may  ad  always  agree  with  local  stability  results  obtained 
using  tangent  slope  derived  stability  derivative*  (Le^ 
CafoYN  **•  *~*$At9  Deotral  controls).  Though  F/A-IS 
departure  corrtuaoa  was  found  to  be  better  using  (he  secant 
based  derivative  metboj,  it  a  believed  that  further 
vahdadonfcorreUt^-n  with  flight  tr*t  data  ss  needed  to 
support  use  of  (he  >ccoi  slope  iicxxnzalxc  method  that  is 
'he  bass:  of  the  r^Ap?  dcpmtcrc  sesccptibibty  parameter. 

4iJ.  RoodhHsnriu  Dynamic  Stability  Criteria 

With  the  advent  of  improved  HAOA  aerodynamic  designs 
dut  provide  prod  static  stability  characteristics  and 
increased  available  cceod  power,  it  no  longer  suffices  to 
cccttdcr  departure  susceptibility  based  sorely  oo  the 
iafemanca  provided  by  the  parameter.  The  fact 

chit  an  aircraft  possesses  lateral -directional  star*  stability 
ft  c~,  Cap otn  >  ^  ooc  imply  that  the  aircraft  n 

dynamically  subk-  Is  fact,  many  of  today's  HAOA  capable 
fighter  aircraft  exhibit  static  suhehty  bet  enviable  (cr 
peoprjhng)  d/zusics  dtc  to  the  dominance  of  the  forebody 
acnxbmsnics  of  these  aircraft 

The  X-3IA  aircraft  u  «  a  mplc  of  this  fact.  Ifs 
aerodynamic  roll  and  yaw  dampiag  characterise  (Qp  and 
Cs*)  between  appcsimatcly  10  to  50  degrees  AOA  are 
propelling  as  shown  b  Hgct  4  In  terms  of  the  X-3IA  bare 
lirfrtmc  co  augmented  stability,  the  propelling  yaw  and  rod 
damping  characteristics  manifest  themselves  ui  the  B- 
CoefficKOt  term  of  the  lateralA&rcctaocri  characteristic 
equation.  By  applying  the  Routh-Hurwics  Stability  criteria 
to  the  B -coefficient  (see  equation  (9))  the  data  indicates  dial 
the  bare  airframe  is  dynamically  mutable  between 
.tppruxjmately  28  and  50  degrees  AOA.  with  the  greatest 
instability  occurring  at  approximately  38  degrees  (sec  figure 
'y  The  B -coefficient  term  era  be  shown  to  be  directly 
related  to  the  aircraft  roll  mode  eigenvalue 

®-<c.f*<V! ,),^I  >0  bq(*> 

Throughout  the  X-31A  preliminary  aerodynamic  design  the 
mteichange  of  desired  hare  airframe  static  characteristics 
with  desired  dynamic  stability  characteristics  was  apparent 
during  the  (sumacs*  design  testing  iterations.  The  tradeoff 
between  static  and  .dynamic  stability  characteristics  was 
carefully  eocscdcrcd  and  the  decision  was  made  to  wvagh 
static  characteristics  more  hearty,  and  effect  desired 


17-7 


dynamic  stability  through  advanced  PCS  augmentation  (i.e.,  RHP  zero*  if  each  of  tbe  coefficients,  A^,  3^,  and  C^,  at 

blended  thniit  vectoring  control).  given  in  equation  (14)  have  positive  values. 


It  is  interesting  to  note  that  if  the  lundamental  method  used 
to  improve  departure  resistance  is  to  modify  the  flight 
control  laws  to  increve  the  untugmented  value  of  CnjJoyN 
to  acceptable  levels  (via  cither  an  Ny  or  ^-feedback 
stnicturr)  the  results  may  be  less  than  expected.  As  pointed 
by  equation  (10),  this  is  because  me  damping  of  the  Dutch 
roll  mode  is  approximately  inversely  proportional  to  the 
undamped  Dutch  roll  natural  frequency  (i.e.,  the  square  root 
of  N0oyn)-  which  is  directly  proportional  to  tbe  aircraft’s 
lateral/dircctional  static  stability  (as  shown  in  equation  (6)). 

eq(,o) 

Thus  it  will  often  be  necessary  to  augment  the  Dutch  roll 
damping  characteristics  (via  either  stability  axis  rates  or 
estimated  sideslip  rale  (p )  feedback)  concurrently  with 
desired  increases  in  lateral/dircctional  static  stability, 
CnpDYN-  This  limitation  of  the  CnpDYrl  and  CnpApj> 
stability  parameters  has  led  to  the  formulation  of  departure 
resistance  criteria  proposed  by  Chody  and  Skow 
(References  (7)  and  (8))  which  adder’  individually  each  of 
the  Roulh-IIurwitz  stability  cccfflc  ents  of  the  lateral- 
directional  characteristic  equation  quarlic. 

4.2.4.  Lateral  Control  Departure  Parameter  (LCDP) 


Moul  and  Paulson  (reference  (9)),  found  that  negative  values 
of  the  coefficient  were  associated  with  lateral/directional 


departures. 


A^  =  14- 


tan  0. 


EQ  (14) 


“A  ) 


B4  =  (N  tan  60  -  N',  -  Yv) + ->-[4  -  tan  80(dp  +  Yv 


(V  > 


C4=(U0  +  W0tanfl()).(Nv-iv 


+  Yv(Nt-i, 


hi'  ^ 


A  ) 


-tanB^Np-Zp 


A  ) 


In  the  derivation  of  LCDP,  tbe  condition  for  Cy.  having  a 
positive  value  was  simplified  to  the  expression  given  ill 
equation  (IS)  by  assuming  that  the  Yv  is  second  order,  and 
simplifying  tbe  first  lerm  by  assuming  tbe  use  of  stability 
axis  (where  Uo=Vt  Wo=0:  and  0o=Yo  which  is  assumed  to 
be  zero.  Also  recall  NjJ=Ny  Vy  If pcfv  V j-)  yields. 


When  the  conditions  arc  satisfied  that  permit  the 
longitudinal  and  lateral/directiocil  COM  to  be  decoupled, 

the  3-DOF  N|  /  A  transfer  function  can  be  represented  by 
equation  (II)  below. 


fc*),  =  <"(,>, -<4>, 

■  LCDP  >0 


>0 


EQ(I5) 


N« 

■  ■  ■  ,  KQ  (11) 

A  (ltl/T1Xs-l/TRXs!»2^DR<»nr*-<"1„,;Rl 

The  LCDP  parameter  is  derived  based  on  determining 
onditions  for  which  the  roll  attitude  to  roll  control  input 

transfer  function.  N$  /  A.  is  non-minimum  phase  (i.e  .  N$. 
contains  a  zero  in  the  right  half  plane  of  the  s-planc).  The 
Routb-llurwitz  Stability  Criteria  is  applied  to  the 
polynomial  of  equation  (12)  to  determine  when  the  non- 
minimum  ;  base  condition  is  satisfied. 


In  non-dimensional  terms  equation  (IS)  is  expressed  as, 

EQ(16) 

As  a  good  approximation,  the  LCDP  parameter  can  be 
related  to  the  numerator  natural  frequency  zero,  oi^,  as 
given  by  equation  (17). 


LCDP  =  (CBp ),  -  (Cgp ), 


'“6* 


LCDP  =  (Ij^  /  ZjSb)-  caj  (assumes  y  0  =  0”) 


EQ(17) 


N|  =  A4s2  +  D^s  +  Cf  EQ  (12) 


The  numeiator  polynomial,  Nf.can  be  deteimined  by 
taking  tbe  determinant  of  the  matrix  given  by  equation  (13). 


<" 

'AP. 

"Aj3 

0 

•a2i 

s-Aj2 

•A-jj 

*8 

a31 

-a32 

s-Ajj 

•N8 

-a41 

‘a42 

-A.s 

0 

A^  =  the  elements  of  the  decoupled  lateral/  directional 
body-  axis  A  -  matrix  given  in  EQ(2) 


According  lo  the  Roulh-llurwitz  Stability  Criterion,  the 
quadratic  polynomial  given  by  N$  is  guaranteed  to  have  no 


Tbe  LCDP  departure  susceptibility  parameter  is  also 
applicable  to  aircraft  with  an  aileron-to-nidder  interconnect 
proportional  to  bank  angle.  This  expression  is  given  by 
equation  (18). 


(LCOPV^-fC^-fC^), 


C»*  +  KC»« 

— - r-*-|>0  EQ  (13) 


8b 

Where  Kay- 
°A 

Additionally,  Weissman  of  reference  (25)  provides  an 
expression  for  LCDP  tb*t  addresses  systems  augmented 
with  aileron  proportional  lo  roll  attitude  plus  rudder 
proportions!  to  sideslip  angle.  This  expression  i*  given  by 
equation  (IS). 


% 


@ 


£> 
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<LCBfV*R  =«y,-«y. 


HQ  (19) 


Where  K  =  -^R- 

It  should  be  noted  Out  for  highly  augmented  aircraft  the  use 
of  any  feedback  to  the  rudder  and/or  yaw  thrust  vectoring 
will  alter  the  roll  numerator  zero,  ay  and  hence  the 
effective  LCDP  value.  Thin  is  demonstrated  by  the 
modified  LCDP  expressions  given  in  equations  (IS)  and 
(19).  Provided  that  all  the  assumptions  used  in  the 
development  cf  LCDP  are  valid  for  the  aircraft  being 
analyzed,  the  key  point  is  that  these  dynamic  feedbacks  are 
beneficial.  Here,  beneficial  means  that  the  PCS  feedforward 
and  feedback  control  logic  effect  rudder  deflection  and/or 
«aw  thrust  vectoring  to  oppose  any  roll  control  induced  yaw, 
and  thus,  tends  to  make  LCDP  more  positive.  Therefore,  for 
highly  augmented  aircraft  the  airframe  alone  LCDP 
parameter  will  likely  be  conservative  (reference  (26)). 


Figure  8  depicts  a  plot  of  LCDP  versus  angle  of  attack  for 
the  X-31A  for  M=0.2  and  neutral  controls.  The  data  shows 
that  LCDP  drops  below  -.001  (LCDP  =  -.001  1/deg 
corresponds  to  the  region  A/B  boundary  of  the  Weinman 
Departure  and  Spin  Susceptibility  Criterion,  see  figure  9) 
between  38  ami  42  degrees  AOA.  This  indicates  that  the 
unaugmented  X-31A  is  susceptible  to  a  mild  closed-loop 
rolling  departure  if  the  only  feedback  control  structure 
utilized  was  roil  rate  and/or  roll  attitude  feedback  to  the 
differential  trailing  edge  flaps  (note,  a  roll  attitude/roll  rate 
feedback  structure  is  not  representative  of  the  actual  X-31A 
u.,trcl  law  structure).  In  addition  to  the  negative  values  of 
LCDP.  three  sharp  decreases  occur  The  first  drop  occurs 
between  10  and  25  degrees  AOA  and  is  attributed  to  the 
imrlttui  n. »  decreasing  magnitudes  of  Cnp  and  Qf}  thereby 
decreasing  LCDP  to  near  zero.  The  second  drop  in  LCDP. 
be  •inning  at  approximately  35  degrees  AOA.  is  primarily 
caused  by  proversc  yaw  due  to  Cngpjpj:  approaching  zero 
end  event, -ally  becomi  j  adverse  for  o>50  degrees  as  AOA 
increases.  With  Cng^j:  approximately  zero  in  the  45-55 
degree  AOA  range,  IjCDP  becomes  essentially  a  function  of 
(Cop);  which  also  becomes  negative  in  this  AOA  range. 
The  third,  and  final  sharp  decrease  in  LCDP  occurs  it 
approximately  56  degrees  AOA  and  is  caused  by  the 
corresponding  sharp  reduction  in  (Cop),  that  also  occurs  u 
3',  dej  -ci  AO „iij  cumjius  tc  tC  degrees  AOA.  Over 
the  56-bS  degree  AOA  range  the  lateral-directional  control 
derivatives  and  effective  dihedral  remain  essentially 
constant. 


A  representative  plot  of  the  X-31A  LCDP  values  versus 
AOA  with  6d  =  -10  degrees  is  presented  in  figure  8(h).  A 
companion  of  the  LCDP  values  with  the  LCDP  Weinman 
Criterion  boundaries  indicate  that  all  values  are  greater  than 
-.001  1/dtg  over  the  AOA  rar.ge  investigated.  The  point  of 
presenting  this  plot  is  to  illustrate  the  appreciable 
differences  between  the  LCDP  values  calculated  for  the 


neutral  SdtHF  case  and  the  -10  degree  deflection  case.  At 
least  in  the  cue  of  the  X-31A,  this  points  out  the  sensitivity 
of  the  LCDP  paiameter  to  the  nonlinear  characteristics  of 
the  JdteP  roll  controller. 

4-2.5. Predicting  Departure  Resistance  With  Respect  To 
Asymmetric  {Tight 

Both  the  CapjjYN  and  LCDP  Lateral-directional  stability 
parameters,  along  with  all  of  their  variants,  arc  based  on 
decoupling  the  lateral-dirccuooal  EOM  set  from  the 
longitudinal  ECM  set.  In  doing  this,  the  iffccts  of 
longitudinal-lateral/dircctional  dynamic  coupling  introduced 
due  to  aerodynamic  coupling,  asymmetric  flight  conditions 
(Po  and/or  f  0  *  0),  and/or  the  effects  of  maneuvering  (Pc, 
Qo>  Ror*0,  i.c„  inertial  coupling  effects)  on  aircraft  stability 
are  ignored.  The  root  locus  plots  of  figure  10  illustrate  the 
effect  of  an  asyniraetric/non  zero  sideslip  condition  on  the 
bare  airframe  dynamics  of  the  X-31A  for  both  a  low  and 
HAOA  flight  condition.  Figure  10(a),  10(b)  and  10(c) 
typify  the  unaugmented  +(s)/S(s)i7rEF  dynamics  at  low 
AOA  (M=0.2,  a=16.6  degrees)  for  M°/3-DOF  model.  p=0 
*/6-DOF  model,  and  (3=5“/6-DOF  model  respectively.  As 
can  be  seen  by  comparing  the  root  loci  plots  of  figures  10(b) 
and  10(c),  the  modal  shapes  associated  with  the  asymmetric 
flight  condition  have  not  changed  from  the  zero  sideslip 
flight  condition.  However,  the  magnitude  of  the  Dutch  roll 
dipoles  (numerator  zero  and  denominator  pole)  frequency 
and  damping  characteristics  clearly  have  changed.  In  this 
case  the  frequency  of  both  dipoles  increased,  while  the 
damping  decreased. 

For  the  high-AOA  flight  condition,  three  root  loci  plots  arc 
presented.  Figure  10(d)  depicts  the  HAOA  4(s)/S(s)DrrEK 
dynamics  for  zcio  degrees  sideslip  and  assumes  the 
longitudinal  and  lateral-directional  dynamics  can  be 
decoupled  (i.e„  3-DOF).  In  Figure  10(e).  decoupled 
longitudinal  and  lateral-dircciional  dynamics  is  not  assumed 
(i.c.,  the  6-DOF  root  locus  is  plotted)  and  in  figure  10(0  the 
bare  airframe  6-DOF  t(«)/S{*)[)(niF  dynamics  arc  calculated 
assuming  5  degrees  of  sideslip. 

Analysis  of  the  HAOA  root  loci  case  reveals  three 
observations  relevant  to  conducting  analytical  departure 
resistance  predictions.  Comparing  the-  zero  sideslip  3-DOF 
(figure  10(d))  and  6-DOF  (figure  10(c))  root  loci  plots,  the 
Dutch  roll  eigenvalues  are  essentially  unaltered.  In  conUa-.t. 
•fc-  location  of  the  dipole  lias  changed  significantly.  The 
natural  frequency  of  the  wy  dipole  has  increased  slightly, 
but  the  noticeable  change  is  the  relatively  large  increase  in 
the  dipoles  damping  chriac/cristcs.  These  observed  Dutch 
roil  modal  shape  changes  are  attributed  to  the  aerodynamic 
cross-coupling  terms  lw  and  Nw  which  arc  accounted  for 
when  using  the  6-DOF  math  model.  Note,  for  the  low-AOA 
care  (comparing  figure  10(a)  and  10(b))  the  lv  and  N  y 
terms  are  not  significant  and  hence  the  Dutch  roll  modal 
shape  remains  the  same. 

Returning  to  the  HAOA  case,  when  non-zero  sideslip  effects 
which  introduce  kinematic  lateral/direclional-lcngitudinsl 
coupling  ire  considered  (figure  10(D).  it  is  observed  that  the 
Dutch  roll  mode  now  becomes  unstable  due  to  negative 
damping  (note.  CnpDYN  remains  stable).  Additionally,  the 
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dipole  which  wu  minimum  phase  (LCDP  >  0)  with  zero 
sideslip  conditions  has  now  become  non-minimum  phase 
with  a  RHP  zero  at  1/T+|  =  -0  6.  In  the  simulation  study  of 
reference  (13)  it  was  determined  that  a  value  of  l/T^j  >-0  5 
was  indicative  of  a  departure  resistant  airframe.  Th' 
authors  suggested  that  1/T*|  values  greater  than  -0.5 
apparently  limit  the  closed-loop  firrt-order  divergence  to  a 
rate  slow  enough  for  pilots  to  respond  and  recover. 
Conversely,  a  1  i  zero  location  less  than  0.5  resulted  in 
divergence  rates  so  fast  that  the  pilots  can  not  prevent 
departure. 

It  is  important  to  observe  that  by  the  1CDP  criteria  (3-DOF, 
jM)")  the  X-31A  bare  airframe  is  deemed  departure 
resistant  However,  by  considering  the  coupling  effects 
introduced  by  only  5  degrees  of  sideslip  angle,  the  X-31A 
bare  airframe  is  actually  departure  susceptible  (Region  B  of 
the  Wcissman  Departure  Susceptible  Criterion  Plane)  based 
upon  the  1/T«i  >  -0.5  criteria.  The  implication  for  the 
X-3IA  aircraft  with  regard  to  departure  resistance  is  the 
importance  that  must  tie  placed  on  maintaining  zero  sideslip 
at  HAOA  via  the  thrust  vectoring  control  system  Of 
course,  use  of  the  X-3!A‘s  active  yaw  thrust  vectoring 
controller  signifies-, illy  alters  ar.d  improves  the  bare 
airframe  root  loci  plot  of  figure  10(0  such  that  departure 
susccptib.iity  for  this  flight  condition  ic  not  predicted. 
From  a  departin'  resistance  analysis  perspective,  these 
observations  point  out  that  to  understand  the  complete 
HAOA  stability  and  departure  characteristics  of  an  aircraft, 
the  effects  of  dynamic  maneuvering  and  associaicd 
asymmetric  flight  conditions  must  be  considered  Reference 
(3)  more  fully  discusses  the  impact  of  asymmetric  flight  and 
dynamic  maneuvering  as  they  relate  to  the  aircraft  modal 
characteristics  and  ultimately  HAOA  stability,  control,  and 
departure. 

To  assess  the  effectiveness  of  the  control  law  design  to 
compensate  for  longiludinal-lztcral/djcciional  cross¬ 
coupling  and  steady  maneuvering  effects,  the  1/T*i  and 
1/T0j  departure  parameters  (references  (13)  and  (25) 
respectively)  can  be  used.  These  departure  parameters  are 
most  appropnatt  due  to  the  fact  that  they  address  the  fully 
coupled  6- DOF  -urframe.  including  the  complete  PCS 
augmentation.  These  parameters,  combined  with  the  results 
of  Kalviste's  research  (reference^)  and  (15)),  address  the 
factors  most  relevant  to  the  general  departure  susceptibility 
problem . 

In  theory,  HAOA  departures  can  mw  be  avoided  by 
implementing  a  property  designed  FCS  that  utilizes 
available  thrust  vectoring  conuol  power  over  and  beyond 
whet  was  traditionally  available  using  conventional 
aerodynamic  controller*..  Tor  caveats  to  Ibis  statement, 
that  sufficient  control  power  is  available,  and  that  the  FCS  is 
properly  designed,  should  not  be  assumed.  Recent  flight 
teslr  of  the  X-31A  have  reverted  zero-sideslip  yawing 
moment  asymmetries,  C»o.  on  tlie  order  of  0.04.  These 
asymmetries  occur  at  approximately  50°  AOA  and  are 
explained  by  the  asymmetric  shedding  of  the  fore  body 
vortices.  Asymmetries  of  this  magnitude  were  not  only  not 
predicted,  but  were  not  able  to  be  compensated  for.  even 
with  the  avertable  TV  control  power,  without  fust  reducing 
the  value,  of  Ce,,  by  altering  the  X-3IA  fercbody 


aerodynamics.  This  was  accomplished  by  the  addition  of  a 
forebody  stralce,  use  of  forebody  gritting,  and  blunting  the 
forebody  nose  radius.  The  caveat  that  the  FCS  is  properly 
designed  for  HAOA  flight  assumes  robustness  of  the  flight 
control  law  design  to  uncertain  aerodynamics,  sensor  errors, 
and  unmodctled  dynamics.  This  assumption  is  likewise  not 
always  valid  even  when  applying  the  many  available  multi- 
variable  linear  robust  control  design  methodologies  since 
the  bounds  assigned  to  these  uncertainties  are  not  well 
defined. 

5.  CONCLUDING  REMARKS 

There  is  typically  no  one  analytical  criteria  that  can  be 
applied  to  an  aircraft  design  and  provide  a  gio.ial  analysis  of 
the  susceptibility  of  an  aircraft  to  depart  from  controlled 
flight.  Not  only  are  there  certain  analytical  criteria  that 
more  appropriately  apply  to  some  configurations  than 
others,  but  there  is  also  valuable  information  to  be  gained 
from  experimental  and  piloted  simulation  methods  that  can 
not  be  obtained  using  analytical  methods  due  to  their 
inherent  assumptions  and  limitations  Taken  from  reference 
(27).  tabic  HI  summarizes  one  suggested  use  of  the  existing 
departure  resistance  entena/stability  parameters  as  they 
apply  in  the  course  of  an  aircraft  design  evolution 

CafkiYN  15  a  departure  prediction  parameter  when  an 
aircraft  departure  is  due  to  instability  in  static  lateral 
directional  stability  because  departure  is  pending 
independent  of  the  aircraft  dynamic  directional  stability 
characteristics.  Adequate  characteristics  does  not 

by  itself  provide  for  dynamic  stability  'fhc  modem  fighter 
must  possess  both  departure  resistance  and  HAOA 
mamuverability.  Therefore,  the  effects  of  unstable 
(propelling)  dynamic  derivatives  associaicd  with  fore  body 
aerodynamics  prevalent  in  the  modem  fighter  mint  be 
addressed. 

Furthermore.  Qipyyjj  and  LCDP  are  departure  prediction 
parameters  derived  from  decoupled,  linearized  EOM  which 
inherently  assume  symmetric  ( [5,,.  *  0°).  steady-slate  (P„. 

Qo-  R«  -  0  deg /see)  [light  conditions.  The  near  future 
fighter  will  conduct  controlled  aggressive  maneuvering  up 
through  90  degrees  AOA  at  any  flight  attitude.  This  flight 
regime  is  extremely  non  linear  requiring  highly  augmented 
flight  control  systems.  Unlike  linear  systems,  nonlinear 
system  stability  is  effected  by  the  initial  conditions  and 
forcing  function,  and  it  does  not  necessarily  follow  that 
stability  of  the  developed  linear  model  is  also  indicative  of 
(he  non-linear  system  stability. 

Fortunately,  judicious  extraction  of  linear  models  at 
numerous  flight  conditions  spanning  the  aircraft  flight 
envelope  has  been  shown  to  produce  good  correlation 
between  stability  of  the  linear  and  nonlinear  aircraft  systems 
even  for  highly  dynamic  trajectories  (reference  (3)).  CapDVN 
and  LCDP  are  a  result  of  simplifying  the  lateral-directional 
characteristic  equation  coefficient  that  approximates  the 
aircraft  Dutch-mil  frequency  modal  characteristic.  The 
advent  of  modem  computational  power  facilitates  the 
calculation  of  the  eigenvalues  directly  associated  with  the 
complete  airframe/fiight  control  system  model.  Unlike 
C»j>OYN  or  I.CDP,  the  eigenvalues  allow  the  designer  to 
assess  both  the  static  and  dynamic  stability  characteristics  of 
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tbc  tircnft.  Therefore,  ctusical  HAOA  departure  analytes 
should  now  be  augmented  using  the  calculated  aircraft 
eigenvalues  to  ptovide  valuable  information  regarding 
dynamic  stability. 

Finally,  if  dynamic  stability  is  to  be  provided  through  the  use 
of  a  highly  augmented  flight  control  system,  the  designer 
must  address  the  difficult  issue  of  control  power  and  control 


margin  requirements.  This  is  especially  true  when  one 
considers  that  the  X-31A,  F-22,  F-18  HARV  and  future 
post-stall  capable  aircraft  are  not  designed  to  avoid 
departure  susceptible  portions  of  the  flight  envelope.  Rather 
they  are  designed  for  carefree  maneuvering  in  these  regions 
by  exploiting  new  means  for  generating  control  power  (t.c., 
thnist  vectoring)  and  improved  HAOA  aerodynamic  design. 


Table  III  Recommended  Methodology  For  Evaluation/Determination  ot  Aircraft  Departure  Susceptibility 


DATA  ANALYSIS 
REQUIREMENTS 

APPROPRIATE  /RECOMMENDED  CRITERIA 
ANCVOR  METHODOLOGY 

o  Aircraft  Inertia  Data  & 

Static  Lateral-Directional 
Aerodynamic  Dat? 

Determine  Significance  of  aerodynamic,  cross-erupting 
(i.o.,  see  vector  polygon  method  of  reference  (13)) 

a.  If  Cross-Coupling  in  significant  apply  Kalviste's 
Coupled  Stability  Criteria 

b.  If  cross-coupling  is  not  significant  apply 
STt/Welsuman's  LCDP  versus  Cd0!1yn  criterion. 

o  Dynamic  Stability 

Derivative  Data 

Apply  Chody/Skow's  criteria  to  address  the  possibility  of 
lateral-directional  dynamic  instability  (i.e.,  due  to 
negative  Dutch  roil  damping  or  unstable  roll  mode). 

o  Evaluate  the  effects  of 
asymmetric  flight 

Applicable  stability  parameters  include  STI's  1/T63  and 
1/T+j  and  Kalviste's  Couplod  Stability  Parameters. 

o  AssesVdetermine  the 
effects  of  maneuvering 

Kalviste's  (1989)  Dynamic  Stability  Parameters  address 
the  effects  of  steady  maneuvering  flight 

Likewise,  the  STI's  l/Tej  and  1/T*,  parameters  also 
apply. 

Additionally,  pilof-in-the-loop  simulation  and  experimental 
tether  and  drop  model  testing  is  highly  recommended. 

o  Assess/determine  the 
effects  of  the  FCS 

The  closed-loop  criteria,  t/T 83  and  1/Tf  j  apply  equally 
well  to  fully  augmented  aircraft. 

The  LCDP  parameter  can  be  modified  to  address 
various  FCS  loop  closures. 

FCS  loop-closure  effects  can  be  considered  in  the  Chody 
and  Kalviste  (1989)  parameters  using  augmented 
stability  derivativos  (i.e.,  (Lp)Ai*3  =  Lp  +  KLj). 

n  Af.se'WHnteimine  tha 
impact  of  uncertain  and/or 
unmodolled 
aerodynamics. 

Experimental  tether  wind  tunnel  and  drop  model  testing 
(NASA,  Langley). 
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6.  RECOMMENDATIONS 

Because  the  primary  departure  susceptibility  criteria 
parameters  arc  based  on  linearized  decoupled  EOM.  several 
factors  must  be  considered  throughout  the  design  evolution 
of  a  given  aircraft  configuration  when  addressing  departure 
susceptibility.  The  following  paragraphs  outline 
recommendations  for  utility  of  current  depaiture  criteria  on 
modem  and  future  aircraft.  The  rationale  for  the 
recommendations  not  directly  addressed  in  this  report  are 
covered  in  detail  by  reference  (27). 

When  analyzing  departure  resistance  of  the  modem  combat 
aircraft,  the  designer  should  conduct  analysis  of  both  epen- 
and -closed-loop  departure  susceptibility.  As  a  prerequisite 
to  the  analysis,  careful  measurement  and  thorough  analyses 
of  wind  tunnel  static  aerodynamic  data  parameters  should  be 
conducted.  This  includes:  (1)  assessing  the  effects  of 
Reynolds  number  during  HAOA  wind  tunnel  testing;  (2) 
testing  in  small  increments  of  a  and  P  to  define  non-linear 
aerodynamic  data  regions;  (.3)  investigating  (tie  existence  of 
aerodynsmi;  cross-coupling  (Cmp.  Ga.  Cno.)  and  zero 
sidc'lip  asymmetric  phenomena  (Cfc.  and  Cno):  and  (4) 
infiuer.ee  of  control  surface  deflections  on  bate-airframe 
aerodynamic  data  parameters. 

In  addition,  departure  resistance  analysis  applied  to  modem 
designs  should  include  the  influence  of  the  aerodynamic 
dynamic  derivatives.  Sensitivity  analyses  of  the  HAOA 
aerodynamic  characteristics  (i.e.,  Cmp.  Gti.  Cno-  Cip,  C|q, 
etc.)  should  lie  addressed.  Furthermore,  the  effects  of 
longitudinil-lateral/directioual  dynamic  coupling  introduced 
due  to  maneuvering  flight  conditions  including,  asymmetric 
flight  (Po,  fo  *  0  degrees)  and  inertia]  coupling  effects  (Pq. 
Qo.  Ro-  *  0  dcg/iec).  need  to  be  addressed. 

The  effects  of  flight  control  system  augmentation  modify  the 
effective  bare-airframe  aerodynamic  characteristics,  and  thus 
the  effective  aircraft  departure  resistance  characteristics. 
The  PCS  cfTecls  must  therefore  be  addressed  when 
analyzing/predicting  aircraft  departure  resistance.  In 
addition,  the  effects  of  system  non-linearities  should  be 
assessed  using  man-in-the-loop  simulation  to  address:  (1) 
the  effect  of  the  pilot  on  overall  system  stability;  (2)  the 
effect  of  control  system  non-linearities  such  ss  position  and 
rale  limiters,  hysteresis,  non-linear  dynamic  maneuvering 
effects,  and  atmospheric  disturbances;  (3)  evaluation  of 
failure  states  and  degraded  flight  control  system  modes,  ind, 
(4)  verification  and  valida'ion  of  analysis  results  using  the 
linear  departure  susceptibility  criteria. 

Finally,  analytical  and  pilot  simulation  results  should  be 
supported  with  available  experimental  methods  including 
water  tunnel  tests  (for  flow  visualization),  tethered  model 
and  drop  model  testing.  The  results  can  then  be  applied  to 
validate  and  refine  the  predicted  HAOA  and  departure 
-usicpiibiitty  churn  .aria tics  of  the  aucjcct  aircraft  to  provide 
the  best  estimate  of  aircraft  departure  susceptibility  and 
enhanced  maneuverability. 
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An  initial  set  of  aircraft  maneuvers  has  been  defined  to 
augment  the  evaluation  methods  currently  used  by  the  flying 
qualities  and  flight  teat  cor.unuroties.  These  mtnenvers  ste 
meant  to  employ  the  full  range  of  available  aircraft  dynamics 
and  to  be  applied  over  the  full  treraft  flight  envelope.  They 
include  several  dosed-locp  tasks  Kid  are  the  start  of  a  set  of 
demonstration  maneuvers  {of  the  type  now  used  in  die 
rotorcraft  flying  quality  specification)  foe  aircraft 
requirements.  A  primary  goal  was  to  csttblish  s  tic  between 
design  parameter  I,  aircraft  attributes  md  the  operations) 
usage  environment  while  maintaining  control  of  tic 
evaluation  process.  The  approach  was  to  concentrate  on 
aircraft  ''ynamko  which  occur  in  daily  operations  and  to 
create  pilot  tasks  which  use  those  conditions  to  relate  to 
important  aircraft  characteristics.  Existing  evaluation 
methods  concentrste  on  tempering  quantitative  data  to  charts 
in  MIL-5  undards  which  predict  flying  qurlities.  The 
maneuver  discussed  here  directly  measure  the  ability  of  the 
pilot  k>  perform  the  tasks  of  interest  sod  at  the  tame  time 
maintain  s  tie  to  me  design  community. 

A  contract  for  ‘Standard  Evaluation  Msneurers  (STEMS)*, 
was  let  to  McDonnell  Couglas  Aerospace  with  subcontracts 
to  Douglas  Aircraft.  Fighter  Command  Imematiorul  mi 
Hamilton  and  Auodctes,  with  participation  by  engineers  and 
pilots  from  die  Hnval  Air  Warfare  Center,  the  Air  Force's 
Flight  Test  Center.  <950*  Test  Wing  and  Wright  Laboratory, 
A  maneuver  development  process  based  on  pilot  and 
engineering  experience  and  ground-based  simulation  was 
established!  This  process  was  exercised  to  creKe  an  initial 
set  of  twenty  maneuvers  applicable  to  highly  maneuverable 
aircraft.  A  flight  teat  plan  to  investigate  in  flight  the  ability 
of  these  maneuvers  to  provide  Improved  evaluation  of  aircraft 
flying  qualities  was  also  written.  If  flight  test  validation  of 
these  maneuvers  is  available  before  the  1996  revision  to 
M1L-STD  '  797.  Flying  Qualities  of  Piloted  Aircraft,  they  will 
be  proposed  for  inclusion  in  that  document. 

Introduction 

Die  ideal  aimft-weepon  system  would  not  Emit  die  pitot. 
Maximum  angle  of  attack,  toad  factor,  speed,  piaeh-  and  roll- 
rate  capability  and  nurimura  speed,  would  all  match  die 
pitot's  needs  awl  ability  to  accomplish  die  missive.  The 
akctjft  would  respond  quck*y  ar-i  precisely  to  every 
commaxd.  Weapons  would  be  available  in  any  attitude, 
during  wty  motion.  All  information  would  be  accurate  and 
presented  simply  enough  to  permit  the  pilot  to  clearly  deride 
on  the  correct  tactics  no  mailer  what  die  situation.  All 
system  failures  would  be  identified  and  corrected  without 
pitot  Ktion.  Atmospheric  disturbance*  would  be  sensed  and 
cowucrad  automadcally.  It  is  within  the  tulm  of  technology 
to  solve,  individually,  these  problems. 

The  tdesi  pitot  would  not  limit  the  aircraft-weapon  system. 

He  could  withstand  extreme  toad  factors,  would  never 
become  disoriented,  and  would  absorb,  process  md  Kt  on  all 
information  presetted  »  him.  He  would  never  make  a 


tactical  mistake.  Tod  no  logy  has  little  influence  in  this  ares. 
Infinite  training  would,  however,  minimize  pilot-induced 
limitations. 

In  an  ideal  world  sufficient  time  and  money  would  always  be 
available  to  create  die  systems  and  train  the  pitots  in  the* 
use. 

What  we  hare  to  work  with  is  of  course  different.  Resources 
see  limited,  requirements  in  the  operational  and  technical 
disciplines  conflict  and  schedules  never  permit  the  perfect 
solution  of  any  problem.  It  is  in  this  environment  that  we 
must  be  able  u  weigh  cost  versus  capability  and  trade  among 
the  different  technologies  to  achieve  a  system  that  meets  a 
reasonable  set  of  operational  goals. 


two  of  the  teem  necessary  to  design  and  build  aver  aft  u 
meet  those  goals  are:  ling  criteria  foe  the  various  disciplines 
which  correlate  aircraft  design  parameters  with  operational 
effectiveness  and  account  for  interactions  among  the  technical 
disciplines-,  nd  second,  a  means  to  evaluate  the  product  as 
the  design  progresses.  The  effort  reported  here  tsnmcs  that 
a  decent  act  of  said  criteria  exists  and  concentrates  on  finding 
ways  to  augment  evaluation  methodology  so  that  the  piloted 
aircraft  system  can  be  examined  in  its  toil  dynamic  flight 
envelope. 

Background 

Flying  cpi share  is  the  relationship  among  the  pitot,  hit 
vehicW  weapon  system  and  the  mission  he  is  to  fly.  T>xy 
are  quantified  in  terms  of  task  pcrfonnancc.  print  workload 
and  loss  of  conaol.  As  such,  it  is  taxed  to  the  exseme  by 
high-performance  aircraft  since  by  their  nature,  the  tasks 
demand  the  aaoat  hum  bo*  pitot  and  vehicle.  The  capability 
cf  each  technical  ditriptint  is  expanding  and  vac  are  acting 
more  and  more  coefbct  among  what  used  to  be  isotwwd 
technologies.  As  we  integrate  llw  increased  potential  these 
disciplines  offer,  evaluations  may  beat  be  based  directly  on 
how  well  the  pitot  can  ate  the  aircraft  to  perform  the  design 
miss  toe. 

Early  m  an  aircraft  project,  predictions  of  flying  qualities  are 
made  baaed  on  aircraft  and  flight  control  system  parameters 
such  as  abort  period  frequency,  time  deity,  damping  md 
several  criteria  which  deflate  acceptable  boundaries  for  these 
parameters.  Often,  the  applicability  of  these  predictions 
depends  on  how  similar  the  sew  configuration  and  the  leak  of 
the  airplane  are  u  historical  data  used  to  recente  the  regions 
of  goodness.  The  first  real  evaluation  of  flying  qualities 
takes  piece  in  a  ground  based  simulator.  This  may  be 
contirnad  in  flight  by  using  the  Total  In-Flight  Simulator 
(TTFSX  <he  NT-37  variable  stability  aircraft,  ATTAS,  etc. 
Finally,  flight  teat  of  the  actual  vehicle  is  coonucaod.  hi 
irony  cases,  however,  flight  test  has  been  more  concerned 
with  flight  envelope  expansion  and  performance  measures 
than  with  flying  qualities.  Often,  the  parameters  used  to 
predict  flying  qualities  are  gathered  rather  than  directly 
aeaessieg  how  well  the  pitot  can  use  the  aircraft.  Several 
tacks  are  (town  in  which  the  pilot  is  trying  to  achieve  s 
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particular  level  of  perfonnaic*;  Iwsding.  air-to-air  refueling, 
form  el  ion  flying  in  some  cases  Handling  Qualities  [hiring 
Tricking  (HQDT)  b  used  to  evaluate  the  essence  of  lir 
combat  tracking  capability.  But  the  whole  spectrum  of  how 
the  airplane  will  be  used  is  not  typically  studied. 

Two  important  dtanges  in  the  ire*  of  flying  qualities  ire 
being  proposed:  1)  piecing  more  emphasis  cn  specific  tasks 
and  dynamics  that  the  lira  aft  will  require  to  perform  its 
mission  ( task-oriented  flying  qualities)  rather  than  the 
current  general  categories  of  high-performance,  medium- 
performance;  terminal  performance,  and  Z)  including  direct 
evaluation  of  the  ability  of  the  pilot  to  fly  tasks  similar  to 
those  to  be  flown  operationally. 

Maneuver  Development  Process 

The  maneuver  development  process  is  shown  schanadcafly  in 
Figure  1.  Tie  rihia!  set  of  maneuvers  was  defined  with  the 
high-angle -of-attack  (AOA)  flight  envelops  of  a  highly 
maneuverable  fighter  as  the  primary  application. 


Maneuver  Definition  and  Screening 

A  group  of  engineers  and  plaits  with  experience  in 
specification,  design,  flight  test  and  opersduu!  use  of  fljrng 
qualkitj  rA  agility  was  assembled.  They  "brskiitaerned'  a 
large  set  of  prdimaiwy  maneuver*  from  their  individual 
perspectives.  The  engineers  surtod  widi  aircraft  attributes 
similar  to  those  shown  in  Figure  2  and  the  pilots  trad 
operationai  scenarios  like  those  shown  in  from  Figure  3.  The 
project  engineer  then  gchered  these  partial  descriptions  of 
rasneuvers.  ar  documented  in  Figure  a.  and  oomaacd  them 
into  a  series  of  nearly  2C0  evamaatm  maneuvers.  A 
qualitative  s  necnatg  was  then  performed,  with  the  goal  of 
identifying  testable  maneuvers  which  wotiU  he  rclav.l  to 
both  the  design  and  the  operational  communities-  This 
resulted  in  apprcrimatclv  thirty  meteuvers  for  father 
cersidsarioa. 


•  Loogtxnorr  nytncOua»*i 

•  UmI  F^tng  Oudkac 

•  Dracaena!  Flying  Ouatban 

•  Arisl  FVrt;  Q.-«A»** 

•  M-SfrAxaFVnti  OsaMSa* 

•  PKhAutwrKy 

•  Rofl  Authority 

•  Pitch  Contol  Margin 

•  Bd  CccnAtafcn 

Figure  2  Current  List 


•  pitch  PW'CITTWVM 
-  P.0*  Partsmanoa 

•  Turn  Padcrmenea 

•  AjdbFelat'woe* 

•  ManauvsraMty 

•  Enarjfy  Ucr«ur*r*t§ty 

•  PIO  Toodanelas 

•  Oaparsv*  fUaistanca 

•  FfcnhUoBadaida  Opaeaaoo 
.1  Aircraft  Attributes 


Development  and  Refinement  through  Simulation 


-  Ckra  Tracking 

-  SMlTwgata 

■  Tun  Ras-aes*! 

-  Woapcn*  Acxjt*s*on 

-  Noaa  VumiJaeen 

-  GorrsDafanaa 

-  Cofcrion  Avotdwx* 

-  IVscjt  Laid  Turn 

-  MMosAnk 


•  SAM  Brae* 

•  VtrWsaf  Rcpoafiton 

•  Varies!  Axack 

-  Asac*  Abort  -  Ougow 

•  Wn  Tara  NoaaKpifWvwul 

•  Aarlat  fiatuaang 

•  ForTrvrSon  Ftyriy 

•  Praauton  Lantdng 
SklwStap  Approach  &  laming 


Figure  3  "-sample  Operational  Scenario* 


was  conducted  to  establish  fright  techniques  and  ini  rill 
geometries,  to  assure  fly  ability  am!  iqxiuhHi).  to  generate 
high  quality  dau  and  to  maintain  operational  relevance  of  the 
dynamic  environment  used  by  the  maneuver.  Performance 
criteria  for  Cooper-Htrper  pitot  opinion  ratings  were  also 
defined. 
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Figure  A  Original  Maneuver  Description  Form 


■I  VnaaObwewe  wtn  Dawgn  hmti  at  (•)  Laval 

□  Vitaaa/atAMiwinPaiMiviiMUW 
LONOYN  Vanaaan*  at  Artnft  loofajiral  Oynwscs 
AOaatAS  VniMiiUime>lea»>iAB<tAimy 
LATtTrW  Vraan  r>  VeVI  1MV  Owu 
PtOT  todcawtOwaiAvwwjiaofEacr-.PAjrtSaa 


UwMflaatrmt  ressccui  tiuranno 


Figure  J  Et  ample  Dau  Ajulysis  for  Dual  A  tusk  Maneuver 


A  Design  of  Eiperimects  (DOB)  technique.  Reference  2.  was 
used  to  establish  the  sensitivity  cf  task  performance  to 
aircraft  design  attributes,  varied  over  a  range  suggested  by 
eaperience  and  Reference  I.  and  to  pilot  variability.  The 
goal  was  to  hive  maneuvers  which  were  sensitive  to  derigs 
parameters  and  nsersiiirvc  to  pilo>  variation.  An  example  ol* 
the  dtu  analysis  b  thwn  in  Ftpzc  ?.  For  the  maneuver  to 
Oe  judged  worthwhile,  chwsges  tn  the  measure  of  merit  must 
be  larger  for  different  design  parameters  thwi  for  differ  ere 
pilots.  Figure  J  then  shows  ter.  the  Dual  Attack  maneuver 
would  be  a  good  maneuver  in  that  the  time  to  capture 
ocasorc  changes  mors  for  LATOYN  variation  than  for  pilot 
variation.  Note:  die  pilot  variation  shown  is  fa  the  test  plot 
sad  the  operational  jVeK  which  flew  the  maneuver  in  the 
translator.  Mtsimuns  pitch  rate  would  trai  he  a  good  nseastarc 
to  test  wit,i  lYj  manruvCT.  however,  since  by  far  the  largest 
change  u  teen  between  the  two  pilots  Maximum  roU  rate 
achieved  tends  to  be  sensitive  to"  both  LATDYN  and  pilot 
differences. 


At  this  point,  the  maneuvers  were  uiH  vague.  A  simulation 


Simulation  dau  and  pilot  commentary  on  the  flight 
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tsefvsnoes  and  flying  quaPties  of  each  b*bto  Me  dm 
im&dadtmiad  actcf  Baegm  dtfaai  Ferentsd 
human  boot*,  each  as  gvidocrd  ha  of  euastioasattr  end 
diattrienretioc  Me  sko  tdn  too  sccourrf. 

Msnes.-er  Vslidrti on 


A  1 sal  entry  to  six  -Uricm  n  made  k>  verify  cut  the 
maneuvers  developed  coold  identify  charsmcriatcs  of  latnA 
aka  than  die  model  used  a  die  iettiepaa.  Tea  included 
tuacst  tri-epoescUes  node!  where  appropriate.  Liefled 
fci-fligfc  va&dsricn  d  'At  flyaisEty  cf  scene  maneuvers  wae 
tiso  done  by  the  US  AT  Test  Filof  School  students  in  !w 
separate  das  projects. 


Initial  Maneuver  Set 

Mott  of  ibe  maneuvers  developed  and  tossed.  a  dam. 
aasncct  existing.  ontsenuonal  envelope  maneuvers  sock  a 
*Hjnd£ns  Qualities  t>veg  Tracking.*  An  xaempc  n»  made 
to  bold  upon  da  agility  rerearch  co neaoeri  in  References  3 
add  4.  Ibe  maReuver  deveSopmat  process  described  carter 
rtsuted  in  the  idetti  Section  of  20  mEwrvcrj-  Three 
msneuTtaa  were  proven  through  piloted  stnulsacr.  a  bs 
n  weatiHe  at  well  a  provide  useful  data  fcr  the  design 
process.  The  maneuvers  are  primarily  designed  for  ftgbrer 
lead;  in  te-to-tir  combat.  Moiy  of  Ibe  maneuver  were 
developed  to  ev  abate  extended  flight  envelope  capabilities  in 
terms  of  post-scall/low  speed  nuneuverKig  bee  acre  of 
relatively  recent  improvements  m  aircraft  capaitEn-  in  ties 
flight  regime.  A  few  manenvers  were  developed  fc*  bract  cf 
the  errr&pe  eperesoB  and  fee  a  uanspere  tircraf.  in  order  to 
viSdae  the  maneuver  ferefcmrt  process  over  a  wider 
range  of  dimfl  dates  and  fltgi a  puics. 


The  maneuvers  can  be  loosely  caregcriuu  a  irsSvyfcal 
manenvers.  maneuver  sequerct*.  or  freestyle  maneuvers  es 
illustrated  i?  Figure  6.  It  is  difficult  vvJ  probably 
unnecessary,  to  strictly  classify  each  maneuver  as  eve  of 
these  types  liner  tome  maneuvers  contain  cloncrus  of  each. 
However,  these  Categories  are  a  general  indicator  of  the 
nature  of  the  roanerver.  Individual  msaewurs.  such  a*  x  fan 
sock  pitch  poO.  ire  the  met  bisie  demems  of  a  mscrerve: 
trd  carnet  be  Is  oi.cn  down  further.  Maneuver  sequences  are 
ccstbrnadons  of  udsvideil  maneuvers.  A  popup  greund 
.sack  maneuver  can  be  thought  of  as  a  maneuver  srrpxrre 
because  the  pilot  pulls  to  a  desired  pitch  aajeode.  climbs  to  o 
given  altitude,  rods  inverted.  paHt  so  and  captures  a  targes, 
then  rolls  back  to  wings  level  while  tracking  the  target. 
Ffeecyle  maneuvers  allow  the  plot  a  peat  deal  cf  6  codon: 
because  only  the  start  mi  end  conditions  are  specified.  The 
piles  can  sac  my  technique  to  transition  from  one  stare  to 
another. 

Individual  mateuvrn  are  aired  to  gather  qvsnriteiv:  dsa 
because  tixy  ootUnw  less  pilot  verisbilizy.  They  isolate  a 
single  task  and  tend  to  be  simple  and  rtpeuabie.  Moeuvcr 
uqxctt  sec  cvxrc  complex  to  analyze.  They  are  composed 
of  several  tasks,  each  of  which  often  depends  upon  the ' 
outcome  of  the  previous  task.  As  a  result,  it  may  be  used  to 
see  how  a  cccfi^vriaon  traoidoru  between  tasks.  High 
quality  quantitative  data  tends  to  be  more  diflieult  to  obtain 


from  maneuver  sequencer  because  of  the  added  variability, 
Freestyle  omntn  result  in  much  better  quaHuaive  date 
than  quaKkadt-a  decs.  The  freestyle  maneuvers  may  be  beat 
suited  for  desottjtndng  uruqae  capabOkiec  of  an  ineraft  and 
cucapariag  various  techniques  to  perform  a  maneuver 
objective. 

The  STEMS  maneuvers  allow  the  evaluation  of  a  rang*  of 
ttorift  characteristics.  Figure  7.  Sera:  mmseuveri  taolase  a 
single  axes  while  ethers  ere  multipse-aiii  tasks  and  are  useful 
foe  evaluating  beer-axis  hniacay.  Some  maneuvers  are  more 
useful  for  qseEutive  dare  gathering,  whereas  others  are  much 
baser  sated  for  yjaresative  analyses.  The  nature  of  the 
rap.ta  *=y  men  vctuaDy  opae-Vxp  tasks  to  tight, 
doaed-iocp  uacxirg  tasks.  Several  design  premoesere  were 
evaluaiad  for  each  maneuver.  Figure  7  afro  Blows  seme  cf 
the  design  peraroders  that  were  succnufsSy  evaluated 
through  qualitative  and/or  miarrireeivc  data  The  Embed  true 
available  did  ace  allow  all  design  parameters  to  be  tested  fee 
each  maneuver,  so  die  lack  cf  a  cheek  mark  say  sbnpiy  _ 
indicate  true  twang  sraa  act  rerafucted  Hacfc  maneuver  wi3 
be  briefly  described  here;  however.  Reference.  5  and  6 
should  «  reviewed  fee  compter,  details. 

STEM  It  Tracking  During  High  AOA  Sweep 

This  is  a  good  maneuver  to  evaluate  iocptadmal.  iatereL  and 
JSrectiocii  prccisicet  firing  qualities  ever  a  wide  range  of 
AOA.  h has  a  reueg  link  toocvrarienel reautemma  and ss 
a  dirtes  extent ion  of  the  HQOT  udeatne.  It  can  he  used  to 
quickly  evaluate  araclring  over  a  wide  AOA  range  and 
identity  peemsd  problem  areas.  If  wry  problems  are 
mccvered.  then  the  High  AOA  Tracking  maneuver  (STEM 
2)  can  he  used  to  isolate  an  AOA  fee  doses  ir-vttti  jabert. 
Pilot  comments  constitute  the  primary  source  cd  dau. 


Tbe  target  aircraft  suets  directly  in  front  cf  Bid  corpeed  vrhh 
tic  evduarica  aircraft  a  spproaimalely  350  blocs.  The  target 
eatery  a  dea-enring  encash  i g  tut  it  a  sink  rare  of  about 
2500  feet  per  raineae.  The  evahsario a  aircraft  perferms  a 
pure  pursuit  gs:  sack,  adpunrg  power  to  allow  a  slew 
Krildup  of  aretlc  of  attack  tasril  tracking  can  no  loner  be 
sumtBried.  Two  cvahiariona  can  be  cctvVxwd.  The  frat  It 
to  evahsaae  tpet  tracking  cepthtEty.  Tbit  thoold  be  done 
using  a  food  10  ad  diameter  reticle,  noting  any  changes  in 
flying  qualities  over  tec  exSre  asgfc-of-seiack  iretge.  The 
second  as  to  evahrere  me  sfciSty  so  mate  rapid  aim  pad 
changes  on  the  target,  rtrfem  sinjlc  axis  reposasxaig  of 
tbr  atm  point  ef  30  mE»  every  5  of  10  degreac  angle  cl 
asadt.  acquire  and  Sack  with  a  fixed  50  mil  reticle. 


Two  vwiaeiem  are  teaqttd  First.  Kabfire  sc  5  degree 
incretsxnaa  >a  angle  otacsck.  This  tCswi  an  extended 
trackxm;  evahrerire  as  kasg  as  the  is  excess  raegy.  Socxad. 
combine  sacking  and  repost  tionir.j  in  to  one  run.  This  may 
not  allow  rufficietd  CTshttka  time  tScpendbig  on  both  urges 
and  lest  ahcraft  characteristics. 


STEM  2;  High  AOA  Tracking 

This  maneuver  was  developed  and  caurtslvcly  tesud  under 
McDonnell  DocgUs  Aeroepace  (MDA)  and  NASA  sponsored 
reaearch.  Racecncci  7  and  S-  This  maneuver  is  dtsigaed  as 
isolate  die  spot  racking  and  ten  peers  ocrrecdon 
tbamrteritoea  at  a  specific  AOA.  It  can  be  taod  to  iiolate  an 
axis  or  cvakxre  muld-aais  captixlitka.  Specific  varisriont  of 
Uut  maneuver  were  dtftnad  Bid  teased  at  30  degrees.  45 
degrtta.  and  60  degret*  AOA.  Filot  coenmmu  and  f sings 
tnrostuse  the  priory  source  of  dau  and  have  been 
ssscratfuily  used  «o  develop  flyitg  qtralitjes  criteria. 

Tmgri  be  fins  eo-rpeed.  co-heading  and  1500  frag  in  front  of 
the  evaluation  aircraft-  Target  aggressive!}  rods  and  puds  to 
a  constart  angle  of  shack  deaceatong  tun.  ajassng  beik 
angle  to  r.iamuvt  a  prodeteisitMd  wnpoeel  the  sne  xireraf! 
relk  m  behind  Ore  Urge:  and  gxt  to  a  lag  ptstdos.  The 
pilot  cm  then  pul!  up  ato  a  ltabtUard  trackeng  soVjooo  at  Ore 
desired  ingle  of  attack  aid  evaluate  the  ability  to  tlgkly 
track  s  point  on  the  target  or  repetition  the  ism  point  shout 


*) 


* 


•  • 


•  » 


o 


n  m 


Prectolon  I  Typ# 


P— Ign  IVimHwi 


US 


t*wuvar  Kumbw  trvi  N»m* _ 

1.  Traclung  Duing  Hgh  AOA  Sweep 

2.  Hi^h  AOA  Lacking 

3.  High  AO."1  Lr  Aral  Gioea  Ao.Jailon 

4  Dual  An* ck 

5.  Rolling  D*hn*e 

6.  Maximum  °iteh  Pul 

7.  NowUp -toch  Angle  Capture 

8.  Creating  Target  Aeq  and  Tracking 

9.  Pitch  Rato  Rerwve 

10  High  ACA  Longitudinal  Gf  uae  A eg 

11.  Shariumhausen 

12.  High  AOA  Rol  Revursa) 

13  High  AOA  RoJ  and  Capture 

14.  Minimum  Speed  Tul  Stick  Loop 

15.  Minimum  Tune  180'  Heading  Change 

16.  1-gSUibikzedPuehcv-er 

17.  J-Tam 

18  Tanker  Bocm  Trtckxig 

19.  Tracking  in  Power  Approach 

20.  Obaot  Approach  to  L»  vkng 


Figure  7  Gene. Characteristics  and  Design  Parameters  Evaluated  with  Initial  STEMS  Maneuvers 
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50  mils  on  t  ie  urget.  Separate  evaluations  of  the 
longitudinal  and  lateral  axes  stould  be  conducted.  Throttle 
changes  may  be  required  to  keep  the  test  angle  of  attack. 
When  the  angle  of  attack  exceeds  the  lest  range,  break  off 
and  reestablish  the  tracking  solution  at  the  test  angle  of 
attack. 

STEM  3:  High  AOA  Lateral  Gross  Acquisition 

This  maneuver  was  developed  and  extetv-./ely  tested  under 
MDA  and  NASA  sponsored  r-sarrh.  It  cm  be  used  to 
isolate  high  AOA  lateral  acqu  'hoc  «  ying  spadices  at  a 
specific  AOA.  Specifically,  the  *•-,  j-oliabihty  of  the  capture 
and  the  roll  rac-  aclueved  can  be  evaluated.  It  has  been  used 
successfully  at  30  degrees,  45  degrees,  and  60  degrees  AOA 
under  the  NASA  and  efforts.  Pilot  comments  and 
ratings  are  the  prints r,  it  generated  from  this  mancuvaand 

have  been  used  to  develop  flying  qualities  criteria.  Measure 
of  merit  dal*  may  alio  be  obtained  with  this  maneuver, 
tho>'?h  it  is  primarily  intended  for  flying  qualities 
rtiorts. 

T  .trgel  starts  approximately  1500  feet  in  front  of  and  1000 
feet  above  the  evaluation  aircraft,  rolls  and  pulls  to  establish 
a  i  onstant  angle  of  attack  descending  turn.  Bank  angle  is 
us  of  to  Maintain  a  predetetmined  speed.  When  the  target 
rolls,  the  evaluation  pilot  hesitates  until  the  target  is  10  to  20 
degrees  off  of  the  nose  (depending  on  test  angle  of  auack  and 
cunfiguration  laterrd  dynamics).  At  that  time,  he  pulls 

«to  the  text  angle  of  attack  and  advances  the  throttle  to 
setting.  After  obtaining  the  test  angle  of  attack,  the 
plot  rolls  aggressively  to  capture  the  target  within  an  80  mil 
vertical  hand  or  reticle.  Initiation  of  the  roll  defines  the 
beginning  of  the  measurement  portion  of  the  maneuver. 

Limit  evaluation  to  the  lateral  axis  as  much  as  p.  ssible  by 
accepting  a  pitch  bias  on  the  capture. 

STEM  4:  Dual  Au»;k 

This  maneuver  is  an  operations) !y  relevant  task  that  exercises 
rapid  multiple-axis  acquisitions  of  two  target  aircraft.  The 
targets  fly  straight  and  level  with  a  90  degree  heading 


difference  and  the  evaluation  aircraft  maneuvers  between 
ihern  to  alternately  acquire  each  target.  The  ability  to  reach 
high  AOA  and  subsequently  control  the  aircraft  is 
highlighted.  In  particular,  the  advantages  or  good  roll 
performance  can  be  demonstrated.  The  pilot  can  evaluate 
loaded  roll  capabilities  as  well  as  the  ability  to  unload,  roll, 
and  pull  to  each  target 
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The  initial  geometry,  see  Figure  ",  and  aircraft  speeds  of  this 
maneuver  are  described  in  Reference  6  and  have  several 
possible  variations,  depending  on  test  aircraft  characteristics. 
The  test  aircraft  maneuvers  to  capture  target  #1  within  an  30 
mil  reticle  in  minimum  time.  This  solution  is  held  for  two 
seconds,  at  which  time  a  loaded  roll  is  performed  to  cap 
the  second  target.  Again  use  the  80  mil  reticle  and  hold  .or 
two  seconds.  Two  other  methoua  can  be  used  in  .  ensition 
from  one  target  to  the  other.  First,  an  unlo-Jod  roil  and  y’ 
to  the  target  can  be  used  to  emphasize  pitch  p-ricni.ance  t. 
dir compare  to  the  loaded  roll  case.  Second  a  freestyle 
mantw.er  may  be  allowed.  The  lest  can  contiroc  b) 
switchmg  between  targets,  each  conversion  requiring  .  larger 
angular  transition.  In  the  latter  case,  the  targets  mu-it  turn 
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into  the  tot  aircraft  when  not  being  tracked  in  order  to  not 
hive  tlie  evil  anti  on  pilot  lore  visual  contact  with  them. 

STEM  S:  Rolling  Defense 

This  maneuver  is  primarily  intended  as  a  control  law 
evtlu-iiion  maneuver  to  verify  the  nose-down  pitch  audwrity 
available  while  rolling.  Additional  information  about  toll 
coordination  and  maximum  roll  rate  may  also  be  obtained. 
This  maneuver  yielded  good,  repeatability  numerical  data. 
Some  pilot  comments  were  also  generated,  but  the  maneuver 
tended  to  be  very  dynamic  and  somewhat  difficult  to 
comment  on. 

The  maneuver  is  begun  above  the  desired  test  rpeed,  with  a 
level  turn  to  achieve  the  test  angle  of  attack.  As  tne  speed 
decays,  angle  of  attack  and  bank  angle  for  level  him  are 
maintained.  When  airspeed  reaches  test  conditions,  the  pilot 
applies  full  roll  controls  (roll  over  the  lop)  to  reverse  bank 
angle  while  maintaining  angle  of  attack.  Ax  the  aircraft 
passes  tltrough  the  opposite  90  degree  of  bank,  apply  full 
forwaid  stick  while  keeping  in  full  roil  controls.  (Note,  this 
car,  be  flown  with  constant  longi’vdinal  stick  instead  of  angle 
of  attack.  This  is  easier  to  fly  but  introduces  some 
inconsistency  in  the  conditions  at  pushover.)  The  maneuver 
ends  as  angle  of  attack  goes  below  10  degrees.  This 
maneuver  Should  be  used  at  r.  variety  of  angles  of  attack  and 
airspeeds.  In  particular,  the  critical  inertial  coupling  and  non 
down  pitching  moment  conditions  should  be  flown. 

STEM  6:  Maximum  Pitch  Pull 

This  represents  a  fundamental  clement  of  several  maneuvers. 
It  isolates  an  aggressive,  open-loop  longitudinal  input  o 
deteimine  the  maximum  pitch  capabilities  of  an  aircraft.  This 
maneuver  generates  good  qusntitativc  data  because  it  is  a 
very  simple,  rejcacable  maneuver  that  isolates  the  pitch  axis. 
Some  pilot  comments  can  nlso  be  obtained  but  it  cannot  be 
used  for  flying  qualitic,  development  because  it  is  an 
open-loop  majvu'-  - 

tow  tpced  conditions: 

To  setup  tire  maneuver,  perform  a  wings  level  deceleration  at 
a  predetermined  power  setting  to  tlie  test  airspeed.  Stabilize 
flight  path  angle  and  set  the  lest  power  level.  The  maneuver 
begins  with  an  aggressive  full  Iongitudinil  slick  pull  ind  any 
ciher  appropriate  pitch  up  controls.  Bank  angle  should  be 
kept  within  5  degrees.  Timing  cf  the  maneuver  begins  when 
live  longitudinal  stick  is  employed  tnd  ends  when  the  aircraft 
pitch  rate  his  gone  to  zero  or  the  pitch  angle  has  passed 
through  tne  vertical. 

It  is  recommended  that  a  variety  of  airspeeds  and  power 
settings  be  investigated  with  tins  maneuver,  especially  if 
thrust  vectoring  is  used  by  the  test  configuration. 

High  speed  conditions: 

Start  above  test  altitude  and  below  lei:  speed.  Dive  to  'est 
conditions  at  approximately  -IS  degrees  flight  path  angle 
while  it  the  desired  power  setting.  The  remainder  of  the 
maneuver  is  the  same  the  low  speed  case.  Caution,  this 
maneuver  has  the  potential  for  GLOC  (g-induced  loss  of 
consciousness)  at  some  flight  conditions. 

STEM  7:  Nwe-Up  Pitch  Angle  Cspture 

This  maneuver  isolate!  an  aggressive  longitudinal  capture 
task.  Most  of  the  measures  of  merit  were  dominated  by  pilot 
variability  because  of  the  closed-loop  nature  of  the  ’ask. 

Tune  to  capture  wax  also  calculated  and  was  not  effective 
because  of  the  large  amount  of  pilot  technique  required. 
However,  this  maneuver  generates  useful  pilot  comments  and 
Cooper-Harper  ratings. 

The  target  aircraft  in  inis  maneuver  flyj  straight  and  level  at 
an  airspeed  slightly  below  the  evaluation  aircraft  airspeed. 
The  evaluation  aircraft  setup  is  the  same  as  the  previous 


STEM.  Geometry  of  the  two  aircraft  is  best  determined  by 
simulation,  witn  the  target  aircraft  preferred  at  long  range  in 
order  to  maintain  angles  during  the  maneuver.  When  the 
target  is  at  the  test  capture  angle,  the  pilot  captures  it  wiihin 
an  80  mil  horizontal  band  (or  reticle)  m  minimum  time.  The 
capture  angle  selected  should  be  less  than  maximum  pitch 
angle  available,  otherwise  the  performance  limit  may  mask 
closed-loop  flying  quality  deficiencies.  A  display  may  be 
used  in  place  of  the  target  aircraft  although  blurred  images 
due  to  high  rates  may  preclude  this  option. 

STEM  8:  Crossing  Target  Acquisition  and  Tracking 

This  maneuver  allows  the  acquisition  and  tracking 
.abilities  of  an  aircraft  to  be  exercised  through  a 
multiple-axis  acouiiition  of  a  target  aircraft.  The  ability  to 
puli  to  moderately  high  AOA,  stop  the  pitch  rate,  laterally 
track  a  target  while  unloading  in  AOA,  and  then  transition  to 
longitudinal  tracking  are  tested. 
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Figure  SO  Initial  Condition*  for  STEM  A 


The  target  begins  at  corner  speed  with  a  90  degree  crossing 
angle,  see  Figure  10.  1000  feet  above  the  test  aircraft.  After 
passing  above  the  tut  vehicle,  the  target  initiates  a  5  to  6  g 
level  turn  towards  the  tut  aircraft.  This  turn  is  continued 
until  the  maneuver  is  complete.  The  tut  vehicle  begins  at  1 
g  level  at  minimum  velocity  As  the  target  passes  overhead, 
the  pilot  pulls  up  and  aggressively  captures  the  target.  The 
target  should  remsin  within  a  30  mil  reticle  for  2  seconds. 
Ditflculty  can  be  varied  by  changing  the  initial  altitude 
difference  and  target  load  factor.  Increasing  the  rest  aircraft 
speed  to  career  speed  and  a  point  between  comer  and 
minimum  speed  allows  a  broad  range  of  aircraft 
characteristics  to  be  evaluated. 

STEM  9:  Pitch  Rate  Reserve 

This  maneuver  it  intended  to  demonstrate  the  reserve  pitch 
authority  available  from  a  loaded  condition.  This  maneuver 
was  adapted  from  the  "Angular  Reserve"  maneuver  in 
Reference  3.  Several  measures  of  merit  successfully 
correlated  the  simulation  data  indicating  the  ability  to  use 
quar.tilt.tive  data  from  this  maneuver.  Some  pilot  comment 
data  was  obtained  using  this  maneuver,  but  it  was  limited 
because  of  the  open-loop  nature  of  the  maneuver. 

The  pilot  establishes  a  level  turn  at  the  desired  angle  of 
attack  and  airspeed  and  select)  'he  lest  power  setting.  The 
pilot  then  rapidly  applies  full  aft  stick  and  holds  that  control 
until  the  pilch  rate  drops  below  the  initial  value. 

STEM  10:  High  AOA  Longitudinal  Gross  Acquisition 

This  maneuver  is  intended  to  isolate  the  flying  qualities 
chat-:leristics  of  an  aircraft  during  a  high  AOA  longitudinal 
caper-,  task.  This  maneuver  was  developed  and  tested  under 
MDA  and  NASA  sponsored  high  AOA  flying  qualities 
criteria  development  efforts.  This  task  has  been  used  to 
develop  flying  qualities  criteria  for  30  degrees,  45  degrees, 
and  60  degrees  AOA.  A  few  measures  of  merit  were  found 
to  successfully  correlate  the  design  parameters;  however,  this 
task  primarily  produces  fl/ing  qualities  comments  and 
ratings. 

The  evaluation  aircraft  begins  in  trail  of  the  target  aircraft, 
approximately  at  3000  feet  tnge.  The  target  enters  a 
core  tun  angle  of  attack  des  ending  turn,  with  control  of  bank 
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angle  to  maintain  speed.  The  evaluation  pilot  allows  the 
target  to  attain  a  predetermined  angle  off  and  then  tolls  into 
the  target's  maneuver  plane  and  sets  the  throttle  to  test 
position.  The  evaluation  pilot  must  hesitate  until  the  lag 
position  is  such  that  the  capture  will  occur  at  the  test  angle  of 
attack.  This  docs  require  some  practice.  The  acquisition 
should  be  aggressive  and  result  m  a  capture  within  an  80  mil 
horizontal  bind.  After  the  capture,  the  pilot  unloads  and 
allows  he  target  to  drift  to  some  offset  (  value  controls  angle 
of  attack  at  capture)  and  repeats,  thus  allowing  several 
acquisitions  from  one  setup.  Target  flight  path  can  be 
steepened  to  increase  evaluation  airspeed.  Simulator  practice 
appears  to  be  valuable  for  both  initial  geometry  and  target 
profile  definition. 

STEM  11:  Sharkenhausen 

This  maneuver  allows  the  acquisiuon  capabilities  of  an 
aircraft  to  be  exercised  through  a  multiple-axis  acquisition  of 
a  target  t  craft.  The  ability  to  pull  to  moderately  high  AOA 
and  maintain  good  lateral  control  is  emphasized.  Some 
measures  of  merit  were  found  to  correlate  to  design 
parameter  variations;  however,  the  data  is  very  dependent 
upon  initial  range.  This  implies  that  the  task  may  be  limited 
to  simulation  use.  This  maneuver  produced  qualitative  data 
that  can  be  used  as  an  overall  check  of  the  air  cruft's  ability 
to  rapidly  point  and  track  %  crossing  target 

The  task  is  initiated  with  a  co-speed,  l.ead-on  target  aircraft 
that  is  greater  than  8000  feet  downrange,  5000  feet  to  the 
right,  and  5000  feet  higher  thin  the  evsJualinn  aircraft.  The 
target  aircraft  maintains  straight  and  level  flight  at  constant 
airspeed.  At  8000  feet  range,  the  evaluation  pilot  attempts  to 
capture  the  target  as  rapidly  as  possible  and  then  track  the 
target.  Capture  in  an  80  mil  reticle  for  2  seconds  was 
required.  The  range  at  which  acquisition  is  begun  has  a 
strong  influence  on  the  ability  to  do  this  task.  One  measure 
of  mem  may  be  the  minimum  range  at  which  a  tracking 
solutions  can  be  achieved  without  resorting  to  a  tail  chase.  If 
tracking  cannot  be  obtained  in  the  first  pass,  it  should  be 
called  off.  It  is  also  recommended  that  this  maneuver  be 
performed  over  a  wide  range  of  initial  velocities. 

STEM  12:  High  AOA  Roll  Reversal 

This  maneuver  allows  the  investigation  of  high  AOA  roll 
performance  in  a  relatively  stabilized  flight  condition.  Roil 
onset  as  well  as  the  aircraft  response  to  a  large  crosscheck 
input  can  be  evaluated.  This  maneuver  was  originally 
suggested  in  Reference  3  but  developed  and  testod  under  the 
STEMS  research.  Overall,  this  maneuver  was  more  effective 
at  generating  numencal  data  than  pilot  comments  but  some 
useful  comments  were  obtained. 

Setup  for  thix  maneuver  is  accomplished  by  perfonning  a 
split-S  from  above  teat  airspeed  and  altitude,  then  pulling  to 
tne  test  AOA.  Set  thrust  as  required.  The  data  gathering 
portion  of  the  maneuver  begins  after  the  pitch  attitude 
increases  to  the  point  that  the  velocity  vector  is  pointed 
directly  downward.  At  that  time,  tic  pilot  applies  a  full  roll 
control  input  and  holds  it  until  the  heading  '-as  changed  by  a 
predefined  amount  An  outside  reference  point  approximately 
180  degrees  away  wax  used  in  this  effort.  The  p.lot  then 
applies  full  opposite  roll  control  until  returning  through  the 
initial  heading. 

This  maneuver  is  designed  for  post-stall  angles  of  attack  and 
will  be  difficult  to  use  at  lower  angles  because  of  a  mote 
severe  bending  of  the  (light  path  from  vertical  before  the 
reversal.  The  maneuver  from  Reference  3  is  well  suited  to 
evaluations  at  lower  angles  of  attack.  The  change  in  heading 
angle  should  be  sufficient  to  allow  maximum  roll  rate  to 
develop. 

STEM  13:  High  AOA  Roll  and  Capture 

This  maneuver  is  intended  to  isolate  the  flying  qualities 
characteristic  ■  of  an  aircraft  during  a  high  AOA  lateral 
capture  task.  The  maneuver  is  initiated  the  same  as  STEM 


12,  but  the  pilot  performs  a  lateral  capture  instead  of 
reversing  the  roll.  A  heading  change  of  360  degrees  was 
used  here.  Since  this  maneuver  is  used  at  high  AOA,  the 
pilot  actually  captures  a  heading  angle  through  the  use  of  roll 
control.  Currently  data  is  only  available  for  one  pilot  so 
final  conclusions  or.  the  data  cannot  be  made.  However, 
initial  indicators  for  quantitative  data  look  promising  and  the 
pilct  ccmmcnti  and  ratings  received  from  this  maneuver 
appear  to  be  valuable.  If  the  longitudinal  flight  control 
system  does  not  command  angle  of  attack  directly,  it  may  be 
tsesl  for  the  pilot  to  hold  pitch  aoitdue  rather  than  angle  of 
attack  in  order  for  him  to  concentrate  on  the  lateral  task. 

STEM  14:  Minimum  Speed  Full  Stick  Loop 

This  maneuver  is  intended  to  define  the  minimum  airspeed 
required  to  retain  control  throughout  a  loop  for  a  longitudinal 
stick  snitch  technique.  Information  on  patch  authority  at  low 
speeds  in  the  vertical  as  weli  as  roll  stability  information  may 
also  be  obtained.  It  does  not  represent  the  minimum  airspeed 
at  which  a  loop  can  be  flown  using  energy-maneuverabihty 
principles.  It  is  flown  in  a  iterative,  build-up  fashion  to 
identify  an  airspeed  band  in  which  the  loop  cjjuio;  be 
completed.  The  maneuver  is  started  at  a  low  speed  and  a 
maximum  pitch  pull  is  performed.  The  initial  speed  is 
successively  increased  until  an  80  degree  pilch  aait-ide  is 
auained.  The  maneuver  is  then  attempted  at  100  knots  faster 
than  the  speed  required  to  reach  80  degru.  pilch  auitude. 

This  start  speed  is  then  successively  reduced  until  the 
minimum  pitch  rale  drops  tclio--  5  degrees  per  second  or  the 
lateral  control  becomes  deficient.  This  maneuver  tends  to  be 
more  of  a  demonstration  and  envelope  expansion  maneuver 
rather  than  a  design  evaluation  maneuver. 

STEM  15:  Minimum  Time  180  degree  Heading  Change 

This  maneuvei  is  intended  to  demonstrate  the  possible 
options  that  a  pilot  has  available  to  change  the  aircraf' 
heading  by  180  degrees.  It  should  include  testing  of 
convention  methods  such  as  level  turns.  split-S,  rod  slices  as 
well  as  new  techniques  such  a.-  a  J-Tum.  Only  the  initial  and 
final  conditions  are  specified  for  this  maneuver.  This 
maneuver  is  not  intended  for  quantitative  data  except  for  a 
rough  estimate  of  time  requited  to  change  heading.  It  is 
primarily  useful  as  an  operationally  relevant  r.taneuvcr  to 
demonstrate  the  various  maneuvering  options  available  to  the 
pilot. 

STEM  16:  1-g  Stabilized  Fush-.cr 

This  maneuver  allows  a  stabilized  evaluation  of  the 
nose-down  pitch  authority  at  high  AO/,.  This  maneuver  was 
developed  and  tested  under  NASA/USt!  research.  Reference 
9.  I’,  is  included  as  etc  of  the  initial  STEMS  maneuvers 
because  of  its  applicability  to  high  AOA  and  the  fact  that  it 
is  a  relatively  newly  developed  maneuver.  This  maneuver 
generates  very  consistent  quantitative  data  because  of  its 
simple,  repeatable  technique.  Piiol  comments  and  Pitch 
Recovery  Ratings  can  also  he  used  from  this  maneuver. 

The  pilot  establishes  a  stabilized,  wings  level  high  AOA 
condition  by  smoolhly  applying  aft  suck  from  level  flight  to 
capture  a  predetermined  pitch  attitude.  He  then  aggressively 
applies  full  forward  stick.  The  pilot  continues  to  hold 
forward  stick  until  the  AOA  drops  below  10  degrees. 

Testing  sltould  be  done  at  the  angle  of  attack  fir  minimum 
nose  down  pitching  moment,  points  where  nose  down 
pitching  moment  is  questionable,  maximum  angle  of  attack  oi 
angle  of  attack  for  maximum  lift.  Various  throrJc  settings 
should  also  be  tested,  especially  if  thrust  vectoring  is  used. 

A  pitch  attitude  capture  could  alto  be  used  to  finish  the 
maneuver  to  demonstrate  that  the  motion  can  be  ccntrollably 
stopped.  The  maneuver  can  also  be  flown  frem  an  inverted 
inibal  position  to  cheek  recovery  from  negative  load  factors 
or  angles  of  attack. 

STEM  17:  J-Turo 

This  maneuver  requires  the  simultaneous  use  of  high  AOA 
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pitch  and  roll  authority.  It  serves  as  a  good  demonstration 
maneuver  for  high  AOA  maneuverability.  This  maneuver  is 
intended  to  emuls  the  maneuvering  requirements  of  a  tactic 
developed  during  the  Multi-Sysirm  Integrated  Controls 
(MiiSIC)  thrust  vectoring  tacucel  utility  studies.  Reference 
10.  This  maneuver  also  resulted  in  some  pilot  comments  but 
seems  i  x  best  suited  is  s  maneuver  to  demonstrate  high 
AOA  roll  and  pitch  authority. 

From  straight  and  level  flight  which  is  aligned  with  some 
tmdmaric,  the  pilot  simultaneously  applies  full  pitch  and  roll 
control  inputs  until  the  aircraft  has  completed  a  180  degree 
heading  change.  Then  the  pilot  removes  the  roll  control 
input  and  continue*  to  pitch  the  nose  oack  up  to  the  horizon. 

STEM  18:  Tanker  Boom  Tracking 

This  maneuver  is  intended  to  evaluate  high  gain  flying 

?ualitics.  This  is  an  existing  maneuver  at  the  Air  Force 
light  Test  Center  but  was  tested  here  for  further  validation 
and  because  it  may  tan  be  a  well-recognized  evaluation 
maneuver.  The  maneuver  consists  of  tracking  the  refueling 
probe  of  a  tanker  from  a  predefined  range.  Hie  evaluation 
pilot  can  Back  a  steady  probe  or  the  boom  operator  can  move 
the  probe  to  create  tracking  errors.  This  task  was  more 
difficult  to  fly  in  fixed-base  piloted  simulation  titan  believed 
to  be  in  flight.  It  appeased  that  PIO  tendencies  were 
exaggerated  and  it  was  more  difficult  to  control  the  range  to 
probe.  These  were  attributed  to  the  reduced  pilot  cues.  It  is 
still  believed  to  be  a  valuable  task  for  flying  qualities  ratings; 
however,  fixed-base  simulation  may  result  in  an  ovejly 
pessimistic  evaluation. 

STEM  19:  Tracking  n  Power  Approach 

This  maneuver  is  intended  tn  evaluate  the  precise  tracking 
capabilities  in  a  landing  configuration.  It  can  be  performed 
at  a  safe  altitude  before  precision  landings  are  attempted. 

Tin's  was  an  existing  maneuver  but  was  tested  here  for  further 
validation  and  because  it  may  not  he  a  well-recognized 
evaluation  maneuver.  The  maneuver  consists  of  tracking  a 
target  aircraft  from  approximately  1503  ft  rangu  while  in  a 
power  approach  mode  and  at  approach  airspeed.  It  is 
valuable  to  have  the  target  perform  a  sequence  of  heading 
changes  10  generate  a  more  demanding  task.  Addition xl 
testing  and  validation  of  the  this  maneuver  is  recommended; 
however,  it  appear;  to  be  a  promising  maneuver  for  flying 
qualities  comments  end  ratings. 

STEM  20:  Offset  Approach  to  Landing 

This  maneuver  provides  a  demanding  (lying  ovalities  task  to 
test  the  ability  to  control  flight  path  and  speed  while  the 
aircraft  is  configur'd  for  approach.  This  maneuver  lias  teen 
used  extensively  to  evalusie  aircraft  approach  to  landing 
flying  qualities.  Aircraft  s{«d  control  was  found  inadequate 
for  the  mode.1  tested  during  this  research  and  that  tended  to 
dominate  the  pilot  comments.  Testing  was  suspended 
because  of  the  amount  cf  data  and  testing  the  Has  already 
beer,  conducted  in  other  research.  This  maneuver  is  included 
in  STEMS  because  1.  has  been  a  valuable  evaluation  tool  in 
several  development  programs. 

Maneuver  Selection  Guidelines 

Maneuver  selection  guidelines  have  been  developed  to  help 
the  user  select  the  most  eppcopriile  maneuver  to  test  rather 
than  blindly  using  ail  of  the  maneuvers.  The  best  maneuver 
to  use  for  in  evaluation  depends  upon  the  data  and 
in'oimation  that  is  being  sought.  There rore,  a  user  must  first 
identify  ihe  type  of  aircraft  to  be  evaluated,  its  intended 
mission.  Kid  the  aircraft  attributes  (o  be  tested.  This 
inrormauui  can  be  used  in  conjunction  with  a  cross  reference 
table,  which  is  provided  with  the  maneuvers,  to  identify 
potentially  useful  maneuvers.  The  mnneuvu  description 
sheets  and  background  inform  Cion  can  then  be  lunner 
examined  <o  determine  the  best  maneuvers  for  the  specific 
test  objectives.  Exemples  of  information  that  may  help 
identify  the  most  appropriate  evaluation  maneuver  includes 


the  following:  type  of  data  generated  (qualitative  and/or 
quantitative),  operational  applications,  pilot  performance 
objectives,  flight  testability,  etc.  Finally,  examples  of  the 
maneuvers  can  be  viewed  through  the  use  of  AG1LE-VU, 
Reference  1 1,  to  provide  a  better  appreciation  for  die 
maneuver  prior  to  selecting  it  for  testing.  Examples  of 
existing  maneuveis  may  be  obtained  from  WL/FlGC. 

The  maneuver  selection  guidelines  and  evaluation  maneuvers 
can  be  used  early  in  the  design  process  to  help  identify  and 
cornect  design  deficiencies.  Most  of  these  maneuvers  can  be 
used  throughout  the  design  cycle  and  into  flight  test  for  final 
(lying  qualities  validation.  The  overall  objective  is  to  provide 
a  more  capable  operational  aircraft  by  Including  operationally 
representative  evaluation  maneuvers  early  in  the  derign  of  an 
aircraft. 

Lessons  Learned 

Several  valuable  lessons  were  learned  while  evolving  and 
using  the  maneuver  development  process.  Some  of  these 
lessons  will  be  summarized  here  to  improve  the  q'taltty  of 
new  evaluation  maneuvers  and  minimize  the  time  reqtmed  to 
develop  them. 

Use  of  Piloted  Flight  Simulation 

Piloteo  flight  simulauon  was  found  to  be  an  effective  tool  in 
the  development  and  evaluation  of  maneuvers.  Different 
approaches  and  techniques  to  fly  a  maneuver  could  be  tned 
quickly  and  eliminated  from  consideration.  Additionally,  a 
quick  appreciation  could  be  gained  for  the  type  of  data 
generated  and  the  aircraft  characteristics  evaluated.  The 
maneuver  can  then  be  refined  to  produce  better  quality  data. 
Other  types  of  simulation,  witliout  a  humzn  pilot  in  the  loop, 
may  also  be  useful  to  develop  or  screen  maneuvers  but  were 
not  investigated  during  thin  research. 

Pilot  and  Engineer  Involvement 

It  is  recommended  that  both  pilots  and  engineers  be  involved 
throughout  the  development  of  new  evaluation  maneuvers. 
There  may  be  some  overlap  of  knowledge,  but  each  tends  to 
have  a  specialized  background  that  can  improve  the  value  of 
die  maneuver.  In  general,  engineers  were  needed  to 
determine  the  constraints  on  the  maneuver  and  the  daw 
o burned  from  the  maneuver.  The  pilots  were  invaluable  m 
maintaining  operationally  representative  conditions  and 
defining  techniques  for  ihe  maneuvers.  Both  pilots  and 
engineers  had  important  suggestions  to  improve  the  flyabiiity 
and  repeatability  of  the  maneuvers. 

Operational  and  Test  Experience 

The  influence  of  pilots  with  operational  and  test  experience  is 
also  important  because  of  Ihe  desire  to  Imk  the  maneuvers  to 
operational  requirements.  Pilots  with  operational  expen ence 
have  a  good  understanding  of  how  tne  aircrzft  will  rosily  be 
used  in  training  and  operation,  and  they  have  significant 
exoericnce  and  knowledge  of  laeti-s  and  techniques.  Flight 
test  experience  is  important  to  increase  the  overall  quality  of 
the  maneuver  and  data  by  improving  the  maneuver  setups  and 
execution  for  better  tepeaubiiity. 

Data  Quality  Review 

It  is  very  important  to  review  the  data  generated  from  a 
maneuver  arid  have  an  understanding  of  its  sensitivity  to 
design  parzmeler  variations.  It  may  be  misleading  to  develop 
a  maneuver  with  n  single  set  of  aircraft  dynamics  and  then 
use  it  to  evaluate  design  modifications  or  other  aircraft.  The 
dau  must  be  checked  to  evaluate  the  amount  of  pilot 
variability  expected  in  the  data.  The  pilot  variabilit>  should 
then  be  compared  to  the  changes  observed  due  to  design 
parameter  vartitions  to  determine  winch  pieces  of  dau  can  be 
used  in  the  design  jirecess.  Thu  data  review  should  be 
applied  to  both  quantitative  and  qualitative  data. 

Observations  From  DOE  Testing 
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Many  of  the  simulation  tot  matrices  used  during  this 
research  were  based  on  Design  of  Experiment  (DOE) 
techniques.  Fractional  factonal  matrices  were  used  to 
minimize  the  data  requirements  so  that  as  many  maneuvers  as 
possible  could  be  developed,  The  DOE  tot  techniques 
worked  well  for  quantitative  data,  but  it  was  difficult  to 
analyze  the  qualitative  data  since  multiple  design  parameters 
were  being  varied  simultaneously.  Also,  it  can  be  difficult  to 
efficiently  expand  testing  after  an  initial  data  set  is  taken. 
Simple  test  matrices  could  be  augmented  to  include 
additional  design  panune'ers,  but  more  complex  matrices 
could  not  be  augmented.  As  a  result,  it  is  very  valuable  to 
perfotm  a  quick,  quali'ative  check  of  the  intended  tot  matrix 
prior  to  gathering  a  complete  data  set. 

Summary  <md  Recommendations 

This  research  resulted  in  an  initial  set  of  20  standard 
evaluation  maneuvers  and  the  definition  of  a  maneuver 
development  process.  These  maneuvers  are  meant  to 
augment  current  evaluation  maneuvers  and  the  maneuver 
development  process  is  intended  to  help  the  creation  of 
additional  maneuvers.  It  is  strongly  recommended  that 
STEMS  be  maintained  as  a  'living*  document  that  can  be 
used  as  a  reference  guide  for  evaluation  maneuvers.  New 
and  existing  evaluation  maneuvers  should  be  included  in 
STEMS  to  make  it  move  widely  applicable.  The  vast 
majority  of  the  initial  maneuvers  were  developed  for  the 
evaluation  of  fighter  aircraft,  high  AOA  dynamics.  However, 
the  maneuver  development  process  was  shown  to  work  for 
the  conventional  flight  envelope  and  for  other  aircraft  classes. 
Finally,  continued  dccumcntsticn  of  the  use  of  the  STEMS 
maneuvers  and  resulting  lessons  learned  is  encouraged 
because  it  can  provide  valuable  reference  information  for 
future  users.  Such  informations  should  be  sent  in  Wright 
Laboratory,  Attention:  T.  Cold  at  Wright-Patterson  Air  Force 
flase. 
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1.  SUMMARY 

Three  piloted  simulation  studies  were  performed  by  the  U.S. 
Army  Aeroflightdynamics  Directorate  to  examine  the  influence 
of  maneuverability  and  agility  on  helicopter  handling  qualities 
and  to  provide  an  expanded  basis  for  the  dynamic  response  re¬ 
quirements  in  Aeronautical  Design  Standard  33C.  Handling 
Qualities  Requirements  for  Military  Rotorcraft.  The  experi¬ 
ments  focused  on  aggressive  tasks  such  .is  air-to-air  combat  and 
target  acquisition  and  tracking.  The  first  experiment  focused  on 
yaw  agility  requirements  in  the  form  of  attitude  quickness  and 
bandwidth.  The  second  experiment  focused  on  pitch  and  roll 
agility  and  maneuverability  requirements  in  the  form  of  band¬ 
width,  angular  rate,  and  attitude  quickness.  The  third  experi¬ 
ment  focused  on  maneuverability  requirements  in  the  form  of 
normal  and  longitudinal  load  factor  envelope  for  both  conven¬ 
tional  and  compound  helicopters.  Findings  from  the  three 
studies  are  presented  in  the  form  of  Cooper-Harper  handling 
qualities  ratings,  pile:  commentary,  and  task  performance. 

?.  INTRODUCTION 

Maneuverability  and  agility  (M/A)  has  been  a  topic  of  research 
for  many  years  in  both  the  fixed  and  rotary  wing  communities. 
It  is  generally  agreed  that  maneuverability  is  some  measure  of 
the  maximum  achievable  time-rate-of-changc  of  the  velocity 
vector  and  that  agility  is  the  measure  of  the  maximum  achiev¬ 
able  time  rate-of-chang.e  of  the  acceleration  rector.  It  is  also 
agreed  that  good  M/A  is  a  key  requirement  for  success  in  highly 
dynamic  missions  such  is  air-to-air  combat.  Unfortunately,  a 
precise  definition  ol  Mr  A  and  a  quantification  of  the  amount  re¬ 
quired  has  not  yj  been  agreed  upon.  As  an  alternative.  M/A 
will  be  reptesenied  here  using  the  existing  handling  qualities 
dynamic  response  crireria  from  the  current  Army  handling 
qualities  specification.  ADS-33C.  Handling  Qualities  Require¬ 
ments  jar  Military  Roto  re  reft  (Ref  1). 

ADS-33C  is  a  comprehensive  document  containing  handling 
qualities  requirements  for  all  phases  of  helicopter  operations  in¬ 
cluding  air-to-air  combat.  The  intent  of  the  document  is  to 
ensure  that  no  limitations  on  flight  safety  or  on  the  capability  to 
perform  intended  missions  will  result  from  deficiencies  in  han¬ 
dling  qualities,  ADS-33C  contains  quantitative  dynamic  re¬ 
sponse  requirements  for  small,  moderate  and  large  amplitude 
responses.  The  small  amplitude  requirements  consist  of  short 
term  response  to  control  inputs  requirements  and  are  defined  in 
terms  of  bandwidth  in  the  frequency  domain.  The  moderate 
amplitude  response  requirements  are  defined  in  the  time  domain 
in  terms  of  the  ratio  of  peak  rate  response  for  a  given  altitude 


change  and  is  referred  to  as  attitude  quickness.  The  large  am¬ 
plitude  response  requirements  are  expressed  in  terms  of  peak 
rate  capabilities. 

Three  piloted  simulation  experiments  were  performed  to  exam¬ 
ine  the  influence  of  maneuverability  and  agility  on  helicopter 
handling  qualities  in  terms  of  the  specification  requirements 
contained  in  ADS-33C.  The  experiments  are  referred  to  in  this 
paper  as  1)  the  yaw  agility  experiment.  2)  the  pitch  and  roll  ma¬ 
neuverability  and  agility  experiment,  and  3)  the  normal  and 
longitudinal  ioa.1  factor  experiments. 

2.1  Yaw  igiUty  experiment 

ADS-33C  contains  several  quantitative  requirements  pertaining 
to  the  response  of  the  yaw  axis  to  control  inputs.  Of  particular 
interest  during  this  experiment  were  Sections  3.3  6  and  3.4.7  1; 
the  moderate-amplitude  heading  changes  in  hover  (attitude 
quickness)  and  bandwidth  in  forward-flight  requirements. 
However,  only  the  attitude  quickness  results  will  be  discussed 
in  this  paper. 

The  ADS-33C  hover  and  low  speed  moderate-amplitude  head¬ 
ing  changes  requirement,  section  3.3.6.  states. 

“The  ratio  of  peak  yaw  rate  to  change  in  heading,  rpl/dvrpb 
shall  exceed  the  limit  spect'ied  in  / Figure  It.  The  required 
heading  changes  shall  be  made  as  rapidly  as  possible  from  one 
steady  heading  to  another  and  without  significant  reversals  in 
the  sign  of  the  cockpit  control  input  relative  to  the  trim  posi¬ 
tion." 

The  attitude  quickness  requirement  applies  to  attitude  changes 
ranging  from  10  to  60  deg.  Attitude  changes  of  less  then  60 
deg.  are  covered  f  y  the  bandwidth  criteria  (see  section  2.2), 
while  altitude  changes  of  greater  than  60  deg.  are  covered  by  a 
minimum  angular  rate  capability  requirement. 

The  requirement  characterizes  not  only  how  quickly  the  pilot 
can  effect  r  heading  change,  but  also  how  precisely.  This  is 
achieved  though  the  variables  used  by  the  requirement,  dy^ 
refers  to  the  maximum  heading  change  associated  with  estab¬ 
lishing  a  new  heading.  Using  this  number  has  the  effect  of  pe¬ 
nalizing  any  overshoots  that  occur,  dy,,,,  refers  to  the  mini¬ 
mum  undershoot  which  occurs  during  the  course  of  establishing 
a  new  heading  thereby  penalizing  undershoots. 

Because  of  the  implied  impact  on  design,  it  was  felt  necessary 
to  perform  a  careful  investigation  to  supplement  the  current  ba¬ 
sis  for  the  ADS-33C  yaw  attitude  quickness  requirement. 
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Figuro  1.  Roquiromonts  tor  modorato-omplrtud*  h«ad!ng 
chanQ*s  -  hov*r  end  low  sp«d,  tergal  acquisition  and  tracking, 
(redrawn  from  ADS-33C) 

12  Pitch  and  roll  maneuverability  rsnd  agUity  experiment 
ADS-33C  contains  requirements  Tor  the  pitch  and  roll  response. 
Of  particular  iuterct.  to  this  experiment  were  Sections  3.4.!  I, 
3.4.5. 1.  3.4.5.2,  and  3  4.5.3  .  These  sections  pertain  to  the 
bandwidth,  attitude  quickness  and  control  power  of  the  pitch 
and  roll  axes  in  forward  flight  above  45  knots.  However,  only 
the  roll  bandwidth  requirement  will  be  discussed  in  this  paper. 

The  ADS-33C  requirement  for  bandwidth  is  shown  in  figure  2. 
The  bandwidth  and  phase  delay  parameters  arc  obtained  from 
frequency  responses  as  defined  in  figure  3.  Bandwidth,  as  de¬ 
fined  in  the  specification,  is  referenced  to  the  aircraft  with  all 
augmentation  loops  closed,  but  not  with  the  pilot  in  the  loop. 
Tire  frequency  response  data  required  to  measure  the  bandwidth 
parameters  must  include  all  of  the  elements  of  a  typical  analog 
or  digital  flight  control  system;  e.g .  anti-aliasing  filters,  bend¬ 
ing  mode  filters,  stick  filters,  actuators,  computational  delays, 
etc.  Bandwidth  is  measured  from  a  frequency  response  (Bode) 
plot  of  angular  attitude  response  to  cockpit  controller  force.  As 
shown  in  figure  3.  two  bandwidth  frequencies  are  measured:  the 
frequency  for  6  dB  of  gain  margin  and  the  frequerxy 

for  45  degrees  of  phase  margin  (togw,*.*).  This  describes  die 
margin  above  the  (augmented)  vehicle's  response  in  which  the 
pilot  can  double  his  gain  or  add  a  time  delay  or  phase  lag  with 
out  causing  an  instability.  The  phase  delay  parameter 
dix.'acteriaes  the  shape  of  the  phase  curve  beyond  the 
bandwidth  frequency. 

23  Normal  and  longitudinal  load  factor/m* neurerabllity 
experiment 

To  change  the  magnitude  and  direction  of  the  velocity  vector 
one  ha«  to  apply  a  force.  Obviously,  then,  the  major  contributor 
to  good  maneuverability  is  the  ability  to  grneratc  normal.  'iongi 
tudinal.  and  lateral  load  factor.  In  a  conventional  helicopter, 
acceleration  is  generated  by  changing  the  magnitude  and  direc¬ 
tion  of  the  main  rotor  thmst.  In  a  compound  helicopter,  accel¬ 
eration  is  generated  by  using  a  combination  of  the  magnitude 
and  the  direction  of  the  main  rotor  thrust  and  the  magnitude  of 
the  avxiliaiy  thrust. 

Maneuverability  was  examined  in  the  context  of  these  facts  dur¬ 
ing  this  experiment.  Namely,  the  effects  that  variations  in  the 
load  factor  envelope  have  on  handling  qualities  and  mission 
performance  for  some  representative  "aggressive"  tasks  were 


Figure  2.  Ro 1  bandwidth  reqi  .vent  (redrawn  from  AOS-33C) 


investigated  By  taking  this  approach,  n  was  cr peered  that  a  set 
of  data  would  be  generated  from  which  information  regarding 
the  relationship  between  maneuverability,  mission  performance, 
and  handling  qualifies  could  be  obtained. 

3.  DESCRIPTIONS  OF  THE  THREE  EXPERIMENTS 
All  three  investigations  were  conducted  using  the  NASA  Ames 
Research  Center  Vertical  Motion  Simulator  (VMS)  (fig.  4.  ref. 
2).  The  VMS  is  unique  among  (light  simulators  in  its  large 
range  of  motion  (table  I ).  This  large  motion  capability  pro¬ 
vides  cues  to  the  pilot  that  are  critical  to  the  study  of  handling 
qualities.  The  cockpit  was  configured  as  a  single  pilot  cockpit 
wi.ii  a  three  window  computer  generated  imagery  (CGI)  dis¬ 
play.  Conventional  helicopter  controllers  were  used.  A  head- 
up  display  (HUD)  provided  the  pilot  with  critical  aircraft  state 
and  targeting  information 

A  stability  derivative  helicopter  math  model  termed  the  En¬ 
hanced  Stability  Derivative  Model  (ESD)  was  used  as  the  own- 
ship.  The  ESD  model  is  a  derivative  of  the  TMAN  model  de¬ 
veloped  for  the  Helicopter  Air  Combat  stmulauon  experiments 
(refs  3-5).  Earlier  versions  o(  the  ESD  model  have  been  used 
for  other  handling  qualities  experiments  (refs.  6  and  7). 
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Figure  4.  NASA  Ames  Vertical  Motion  Simulator . 


Table  1 .  Vertical  Motion  Simulator  motion  limits 


Displ 

Rare 

Accel. 

(fi/ see  I 

<ft/scc2i 

Long. 

±4 

±4 

±10 

Lit. 

±3> 

±8 

±16 

Vert 

±30 

±16 

±24 

idegi 

i  deg/sec ) 

( deg/sec  2 1 

Pitch 

±18 

±4<l 

±115 

Roll 

±18 

±40 

±115 

Yaw 

±24 

±46 

±115 

The  cSD  model  is  a  simple,  non-lmcar.  generic  helicopter  math 
model  intended  for  use  as  a  handling  qualities  research  tool.  It 
includes  the  effect  of  load  factor  on  the  pilch  and  roll  rate 
damping  derivatives,  the  effect  of  forward  speed  on  the  force 
derivatives,  a  collective  trim  curve,  and  a  ground  effect  model. 
The  altitude  response  is  rate-type  in  pitch,  roll,  and  yaw  with 
automatic  turn  coordination  above  fifty  knots.  The  model  docs 
not  include  control  or  response  coupling. 

Both  the  pitch  and  roll  maneuverability  and  agility  and  the 
normal  and  longitudinal  load  factor/mancuvcrabilily  experi¬ 
ments  contained  air-to-air  tasks  which  used  an  automated  air-to- 
air  adversary  termed  The  AUTOmatcd  MANcuvcring 
(AliTOMAN)  opponent  iRcfs.  K.  9).  AUTOMAN  was  devel¬ 
oped  by  Grumman  Corporation  under  contract  to  the  U.S. 
Army  Acroflightdynamics  Directorate. 

Four  types  of  data  were  collected  during  these  experiments. 
Real  time  variables  of  interest  such  as  position,  attitude,  and 
rates  were  recorded  continuously.  Performance  measures  such 
as  time  on  target  were  recorded  and  printed  out  at  the  end  of 
each  run.  Qualitative  pilot  opinion  was  gathered  for  each  con¬ 


figuration  in  the  form  of  commentary  and  a  Cooper-Harper 
rating  (CHR)  (ref.  10). 

To  minimize  the  effects  of  training,  each  pilot  was  given  sev¬ 
eral  hours  to  practice  the  tasks.  During  this  time,  task  perfor¬ 
mance  was  communicated  to  the  pilot  at  the  end  of  each  run. 
Data  were  not  collected  until  both  the  pilot  and  the  investigators 
were  convinced  that  the  pilot  had  achieved  the  necessary  skill 
level.  After  a  minimum  of  three  representative  runs  were 
recorded,  the  pilot  would  give  commentary  and  assign  a  CHR. 

3.1  Yaw  agility  experiment 

3. 1.  /  Experimental  variables 

There  were  two  experimental  variables  used  during  the  yaw 
agility  experiment:  yaw  damping,  .v,.  and  yaw  actuator  rate 
limit.  .V,  ranged  from -0.5  to -4  0 sec'1  and  SPtm ranged 

from  50  percent/sec  to  unlimited  The  effect  of  yaw  actuator 
rate  limit  is  shown  in  figure  5.  The  yaw  control  effectiveness. 
Sf  .  was  adjusted  for  each  configuration  such  that  a  maximum 
yaw  rate  of  60  deg/sec  was  attainable  in  hover  regardless  of  the 
amount  of  yaw  damping. 

312  Tasks 

Three  tasks  were  flown  during  the  experiment  -  the  target  ac¬ 
quisition  in  hover  task,  the  180  degree  turn  in  hover  task,  and 
the  target  tracking  in  forward  flight  task.  However,  only  the 
target  acquisition  in  hover  task  will  be  discussed  in  this  paper. 
The  target  acquisition  in  hover  task  was  designed  to  evaluate 
the  location  of  the  existing  attitude  quickness  boundaries.  Fig¬ 
ure  6  illustrates  the  task  setup  The  helicopter  was  initialized  in 
a  10  foot  hover  with  no  target  present.  When  the  pilot  indicated 
he  was  reads,  a  target  was  made  to  appear  which  would  be  at 
some  angular  offset  from  the  helicopter  heading.  Upon  seeing 
the  target,  the  pilot  would  yaw  the  aircraft  to  acquire  and  hold 
the  target  within  ±1  deg  of  the  Foresight  for  two  seconds.  A 
solid  tone  in  the  headset  would  indicate  to  the  pilot  when  he  had 
the  target  w  ithin  ±1  deg  of  his  Foresight  reticule.  Alter  the  pilot 
had  held  the  target  within  the  required  pointing  constraints  for 
two  sec.  the  headset  tone  would  switch  from  solid  to  intermit¬ 
tent  at  which  point  the  pilot  would  squeeze  the  trigger  to 
"shoot"  the  target.  The  target  would  then  immediately  disap¬ 
pear  and  reappear  at  a  new  location.  The  task  of  acquiring  the 
target  was  then  repeated  using  a  different  target  location.  This 
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Figure  5.  Effect  of  actuator  rato  limit  on  attitude  quickness 


19-4 


Rguf»6.  Targat  acquisition  kthovar  task. 


process  would  continue  until  six  targets  had  been  acquired.  The 
targets  were  positioned  such  that  one  heading  change  each  of 
10, 20. 30. 40. 50.  and  60  deg  would  be  required.  The  sequence 
and  direction  of  the  heading  changes  were  ordered  randomly. 
The  pilot  was  required  to  maintain  his  horizontal  position 
within  25  feet  of  his  starting  point  throughout  the  task. 

The  performance  standards  for  this  task  were  based  on  the 
quickness  and  precision  with  which  the  yaw  maneuvers  were 
performed  Desired  performance  required  that  all  six  targets  be 
acquired  within  35  seconds  with  no  mote  than  3  overshoots  of 
the  ±1  deg  acquisition  zone.  Adequate  performance  required 
that  all  six  targets  be  acquired  within  40  sec  with  no  more  than 


6  overshoots.  The  performance  standards  were  established 
early  In  the  simulation  by  having  several  pilots  pstorm  the  task 
very  aggressively  using  a  “good"  configuration  and  then  mea¬ 
suring  their  performance.  Using  performance  standards  that 
had  been  established  this  way  led  to  Use  desired  effect  of  driv¬ 
ing  each  pilots'  aggressiveness  to  a  consistently  high  level. 

3.1.3  Experiment  results 

This  section  contains  a  discussion  of  the  qualitative  and  quanti¬ 
tative  data  gathered  for  the  target  acquisition  task.  Data  are 
presented  in  the  form  of  task  performance  measures,  CHRs.  and 
pilot  commentary.  The  data  shown  are  a  summary  of  the  data 
gathered  from  all  six  pilots  who  participated. 

An  effort  has  been  made  to  determine  the  level  of  confidence  in 
the  data.  The  range  within  which  the  true  mean  will  occur  with 
a  ninety  percent  probability  has  been  calculated  using  the  t  test 
(ref.  II).  This  confidence  interval  is  indicated  using  error  ban 
on  the  task  performance  plots  and  CHRs  summary  plots.  Stated 
more  simply,  the  true  mean  of  the  entire  pilot  population  has  a 
ninety  percent  chance  of  occurring  within  the  range  indicated 
by  the  error  bin.  This  information  is  useful  in  that  it  reflects 
both  the  sample  size  and  variation  of  the  data  collected. 

Figure  7  contains  a  summary  of  the  CHRs.  the  total  time  to  ac¬ 
quire  all  six  targets,  and  the  number  of  acquisition  overrhoots 
which  occurred.  The  symbols  indicate  the  location  of  the  mean 
and  the  error  bars  indicate  the  90  percent  confidence  interval. 
The  numbers  adjacent  to  the  mean  indicate  the  number  of  data 
points  collected  for  that  configuration,  fur  this  task.  20S  runs 
were  performed  and  57  CHRs  were  assigned.  The  dashed  lines 
on  live  CHR  plots  indicate  the  boundaries  between  Level  I 
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(ratisfactory),  Level  2  (adequate),  and  Level  3  (unsatisfactory) 
handling  qualities.  The  dashed  lines  on  the  total-time  plots  in¬ 
dicate  the  desired  and  adequate  performance  standards  of  3S 
and  40  sec.  The  dashed  lines  on  the  overshoot  plots  indicate  the 
desired  and  adequate  performance  standards  of  3  and  6  over¬ 
shoots. 

In  general,  it  can  be  seen  that  there  is  a  good  correlation  be¬ 
tween  the  task  performance  and  the  CHRs.  This  does  not  imply 
that  the  pilots  relied  merely  o.i  the  performance  standards  in 
assigning  ClIRs.  On  the  contrary,  it  is  clear  from  the  pilot 
commentary  that  the  pilots  were  primarily  assessing  their  over¬ 
all  workload.  For  example,  for  a  decidedly  Level  3  configura¬ 
tion  (actuator  rate  limit  =  50  percent /sec,  .V,  =  -0.5  sec'1  >  pilot 
B  states: 

’/This  configuration  is  I  characterized  by  sluggish  response  - 
sluggish  response  on  the  initial  target  acquisition  phase  and 
oscillatory  and  unpredictable  response  m  the  target  tracking 
phase.  Very  unpredictable  response  in  the  termination  of  the 
target  tracking...  It  has  nonlinear  characteristics  in  that  respect 
as  well  as  the  sluggish  response.  And  the  result  is  that  the 
requirement  for  the  pilot  to  exercise  a  lot  of  lead  and  the  prin¬ 
cipal  result  is  the  inability  to  make  even  adequate  performance 
standards..."  (CHR7l 

A  Level  2  configuration  (actuator  rate  limit  =  50  pcrcentfsec.  N, 
=  -3.0  sec'1  ’  received  the  following  commentary  from  pilot  B. 

" The  configuration  was  characterized  by  good  initial  response, 
very  snappy  initial  response  which  leads  you  to  believe  it  is  go¬ 
ing  to  be  a  good  configuration  until  you  try  to  arrest  the  initial 
acquisition  phase  which  results  in  lack  of  precision  and  over¬ 
shoot  of  the  desired  arresting  point.  And  tn  addition  the  target 
tracking  pha,e  is  oscillatory.  ...The  deficiencies  are  more  than 
annoying  because  they  really  do  demand  a  very  specific  control 
Strategy  and  a  fair  amount  of  forethought,  to  accomplish  the 
task.  So  the  deficiencies  are  moderately  objectionable.  The 
demands  on  the  pilot  involve  at  least  moderate  compensation..  " 
(CHRS) 

Finally,  a  Level  I  configuration  (actuator  rale  limit  =  100  per¬ 
cent/sec,  H,  »  -4.0  sec'1 )  receives  the  following  assessment 
from  pilot  C. 

"That  configuration  was  clearly  optimal,  that  is.  it  was  very 
easy  to  fly.  ...was  good  for  target  acquisition  and  it  was  good 
for  fine  tracking.  In  one  o'  two  cases  where  the  pipper  was 
going  off  it  was  easy  to  stop  it  and  bring  it  back  to  center... 
crisp  and  easy  to  accelerate  to  maximum  yaw  rate..."  (CHR  2) 

It  can  be  seen  in  figtne  7  that  yaw  dumping,  N„  had  a  stronger 
inllucnce  on  handling  qualities  than  did  actuator  rate  limit. 
CHR  results  ranged  from  Level  I  to  Level  3  for  the  range  of 
yaw  damping  examined,  regardless  of  the  actuator  rate  limit.  In 
contrast,  the  actuator  rale  limit  increased  the  CHRs  only  slightly 
for  the  100  petcem/sec  case  and  more  for  the  50  percent/sec 
case.  The  actuator  rate  limit  was  not  investigated  at  values 
lower  than  50  percent/sec  because  it  was  felt  Uat  this  value  was 
already  less  than  would  practically  exist  in  any  production  air¬ 
craft. 

Figure  8  shows  an  interpretation  of  the  CHR  dau  which  sug- 
gtsts  a  location  for  the  attitude  quickness  Level  \  and  Level  2 
boundaries  for  an  assumed  idealized  control  input  sliape.  The 
results  suggest  (hat  the  existing  ADS-33C  yaw  attitude  quick¬ 
ness  boundaries  might  be  relaxed  without  sacrificing  satisfac¬ 
tory  handling  qualities. 
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Figure  8.  Target  acquisition  In  hover  atbtuda  quieknaas  results. 


3.2.  Pitch  and  roll  maneuverability  and  agility  experiment 

3.2.1  Experimental  variables 

To  limit  the  size  of  the  configuration  matrix,  a  baseline  configu¬ 
ration  was  established  for  Ihe  pitch  and  roll  maneuverability 
and  agility  experiment  from  which  each  of  the  experimental 
vanablcs  wav  varied  individually.  The  baseline  configuration 
and  experimental  variable  ranges  were  established  iteratively 
based  on  pilot  commentary  gathered  during  Ihe  initial  pluses  of 
the  experiment.  Table  2  gives  a  summary  of  the  range  of  con¬ 
figurations  that  were  examined  during  this  experiment. 

The  bandwidth  was  vaned  via  the  pitch  and  roll  damping 
derivatives  and  ranged  from  0.5  rad/sec  to  5  0  rad/sec.  The 
maximum  pitch  and  roll  rate  were  vaned  via  the  control  sensi- 
tmiy  derivatives  and  ranged  from  30  deg/ser  to  120  deg/sec. 
The  attitude  quickness  was  vaned  via  an  Ktuator  rate  limiter 
that  ranged  from  10  percent/sce  to  unlimited. 

The  baseline  configuration  had  a  pitch  bandwiddi  of  3  rad/sec.  a 
roll  bandwidth  of  4  radfsec.  a  maximum  pitch  rate  capability  of 
60  deg/tec,  a  maximum  roll  rale  capability  of  ICO  deg/sec,  and 
unlimited  actuator  rate  limit  in  both  the  pitch  and  roll  axes. 


Table  2.  Expnrlmnntal  variabln*. 


Baseline 

Variation 

Pitch  Bandwidth  (rad/sec' 

3 

0.S-5.0 

Roll  bandwidth  (rad/sec) 

4 

0.5-50 

Max  pitch  me  (deg/sec) 

60 

30-120 

Mxx  roll  rate  (deg/iec) 

100 

30-120 

Pitch  actuator  rale  limit  (pct/sec) 

No  limit 

10-50 

Ron  actuator  rale  limit  (pct/sec) 

No  limit 

30-120 

3.2.2  Tasks 

Two  tasks  were  flown  during  the  experiment:  the  abeam  Uuk 
and  the  mountain  task.  The  objective  of  both  tasks  was  the 
same  -  to  track  Ihe  AUTOMAN  for  as  long  as  possible  using 
the  owiultip  boresighl  reticule.  In  addition,  the  pilot  was  re¬ 
quired  to  maintain  less  than  0.1  g  lateral  acceleration,  one  bail 
width,  while  tracking.  Pilots  were  encouraged  to  maintain  air¬ 
speed  above  forty-five  knots.  Each  run  was  limited  to  25  sec¬ 
onds.  Only  the  abeam  task  will  be  described  in  this  paper. 

The  initial  conditions  for  the  abeam  task  are  shown  in  figure  9 
The  target  was  positioned  2000  feet  in  from  of.  and  ICO  feet  be 
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Figure  9.  Abeam  ai r -to-air  leak  rM  eonttor*. 


low  the  ownship  with  a  beading  135  degrees  away  to  the  left  or 
right  The  owrnhip  was  initialized  ac  its  maximum  maneuver¬ 
ing  speed,  80  knots,  while  the  target  was  initialized  at  120 
knots.  Une-cf-sight  existed  for  both  aircraft  over  failiy  terrain. 
The  initial  target  heading  was  randomly  set  to  either  the  left  or 
the  right  before  each  run  to  introduce  some  variability  to  the 
task. 

Task  performance  standards  were  based  on  the  longest  ccatinu- 
ous  tracking  period  measured  during  the  tun.  Tracking  time  ac¬ 
cumulated  whenever  (he  AUTOMAN  eg  was  within  30  feet  of  a 
vector  defined  by  the  ownship  Foresight  (azimuth  and  elevation 
less  than  tan'1  (KVnnge) ).  and  the  ownship  lateral  acceleration 
was  less  than  0.1  g.  Performance  for  the  longest  tracking  pe¬ 
riod  was  categorized  as  unsatisfactory  (less  than  1.5  seconds), 
adequate  (greater  than  or  equal  to  1.5  and  less  than  3.0  sec¬ 
onds),  or  desired  (greater  than  or  equal  to  3.0  seconds).  These 
levels  were  established  during  early  fixed-base  operation  to  en¬ 
sure  a  baseline  level  of  aggression  among  (he  pilots.  Task  per¬ 
formance  was  indicated  to  the  pilot  via  audio  (ones  in  (he  head¬ 
set 

3.2.3  Expentiunt  re suits 

Because  of  (he  large  volume  of  data  gathered,  (he  only  experi¬ 
mental  variable  discussed  in  detail  is  roll  bandwidth.  Also,  only 
the  data  from  the  abeam  task  are  shown  because  cf  the  similar¬ 
ity  of  (be  results  of  (he  two  (asks.  Resula  are  presented  in  the 
form  of  task  performance,  CHR’s.  and  pilot  commentary.  The 
data  shown  are  a  summary  of  the  data  gathered  from  all  tour 
pilots  who  participated. 

Figure  10  shows  a  summary  of  the  CHR  data  plotted  versus  roll 
bandwidth  for  both  tasks.  Figure  1 1  shows  a  summary  of  the 
task  performance  plotted  versus  roll  bandwidth  for  the  abeam 
task. 

The  CHR's  indicate  that  a  minimum  bandwidth  of  approxi¬ 
mately  1.0  rad/sec  is  required  for  Level  2  handling  qualities. 
Pilot  commentary  supports  this  observation.  The  comments  for 
(be  0.5  rad/sec  bandwidth  case  refer  primarily  to  maintaining 
control  of  the  aircraft  while  the  comments  for  the  1.0  rad/sec 
case  refer  to  the  configurations  ability  to  meet  task  performance 
requirements. 

The  roll  bandwidth  requited  for  Level  I  is  not  as  obvious.  The 
mean  CHR  is  best  at  3.5  rad/sec,  but  only  borderline  Level 
IfLevel  2.  Examination  of  the  individual  ratings  reveal,  how¬ 
ever,  that  eight  Level  I  ratings  were  given  with  all  but  one  of 
them  occurring  above  3.5  rad/sec.  Considering  these  facta,  the 
best  eaitnate  Is  that  a  minimum  bandwidth  of  3.5  rad/sec  is  re¬ 
quired  for  Level  I  handling  qualities. 

The  usk  performance  data  shown  for  Ore  abeam  task  in  figure 
1 1  n  represenberive  of  both  tasks.  The  performance  data  show 


dramatic  improvtmtn!  out  to  3.0  rad/see  and  then  level  off. 
Both  the  total  tins;  oo  target  and  the  maximum 


RoH  bandwidth  (rxrVsac) 

Figure  to.  Summary  oiCHRrt  versus  tol  bandwidth  lor  a«  pitots 
tor  bod  tasks. 
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Rgure  ii.  Stmmaryoltrecldng  performance  vwtus  re*  band- 
wtdh  Kx  at  plots  tor  tie  abeam  task. 
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continuous  time  on  target  rhow  the  lime  trend.  Tnese  results 
correlate  well  with  the  pilot  opinion  data. 

The  current  ADS-33C  requirement  calls  for  a  toll  bandwidth  of 
2.0  rad/scc  for  Level  2  a.d  3.5  rad/sec  for  Level  1.  The  data 
pretented  here  indicate  that  the  Level  2  requirement  could  be 
reduced.  Good  agreemen .  with  the  Level  1  requirement  was 
found. 

J_3  Normal  and  kotitndlral  load  factor/maneuverabllity 
experimeat 

An  auxiliary  thruster  with  t  relcctabie  force  or  mw<jy-cotnmand 
system  was  added  for  tlie  normal  cod  longitudinal  load  fac- 
torfmancuvembility  experiment.  The  math  model  assumed  ax¬ 
ial  flow  through  a  10  ft  diameter  propeller  and  included  the  ef¬ 
fects  of  both  power  and  stall  limitations  The  total  power  avail¬ 
able  was  shared  between  the  main  rotor  tnd  the  propeller. 

Four  inceptors  for  the  control  of  the  auxiliary  thruster  were  ex¬ 
amined  during  the  early  stages  oi  the  si  mu  latk  a  (fig.  12).  The 
four  were;  11  a  thumbwheel  on  the  cyclic  grip  that  contained  a 
center  detent  but  no  spring  gradient;  2)  a  thumb  joystick  on  top 
of  the  cyclic  gi.p:  3)  a  twis*  grip  on  the  ccllective  that  contained 
only  friction:  and  4)  a  beep  switch  go  the  collecrive  head.  The 
thumbwheel  and  the  collective  twist  grip  were  used  as  either  di¬ 
rect  X-force-eommandor 


TaN*  3.  AuxSaiydirustaf  control  incap- 
tor/rasponsstypot. 


Inccptor 

Response  Type 

cyclic  thumb  joystick 

force  rate 

cyclic  thumb  joystick 

"bodyfxe 

cyclic  tliumbwhcel 

force 

cyclic  thumbwheel 

"body 

collective  beep  switch 

force  rare 

collective  beep  switch 

“body  rate 

collective  twist  grip 

force 

collective  twist  grip 

"bod y 

u body-command.  The  collective  beep  switch  and  the  cyclic 
thumb  joystick  were  used  as  either  X- force- rate-command  or 
ubo^y-rate-command.  This  resulted  in  the  eight  auxiliary 
thruster  control  possibilities  shown  in  table  3. 

3.3.1  Experimental  variables 

Normal  and  locgi.udirtal  load  factor  envelope  were  varied  dur¬ 
ing  this  experiment.  Table  4  shows  the  configuration  test  ma¬ 
trix.  Maximum  continuous  normal  load  factor  capability  was 
varied  from  1.5  to  5.0  g  (at  80  kt).  Maximum  longitudinal  toad 
factor  capability  was  varied  only  for  the  thrust  augmented  cases 
and  was  varied  from  0.1  to  1.0  auxiliary  thrust/weight  ratio. 
The  transient  load  factor  limit  was  set  equal  to  1.33  times  the 
maximum  continuous  load  factor  capability  at  80  kt 

3.3.2  Tasks 

Three  tasks  were  flown  during  the  experiment  —  the  abeam  air- 
to-air  task,  the  mountain  air-to-air  task,  and  the  retum-lo-cover 
task.  The  abeam  and  mountain  tasks  were  the  same  as  in  the 
pilch  and  roll  maneuverability  and  agility  experiment. 


Figure  12.  Locebon cd auxEary Bvuet coned Irceprors.  (ajeoi- 
iec*vagrip:(b)cye*cgnp 
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TcbH  4.  Cenflgumon  test  matrix 
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J.J.J  Experiment  results 

This  section  contains  a  discussion  of  the  results  of  adding  longi¬ 
tudinal  force  control  by  muns  of  an  auxiliary  thruster.  The  re¬ 
sults  from  variations  in  load  factor  capability  and  auxiliary 
thrust  level  are  presented  in  the  form  of  task  performance. 
CHRs.  and  pilot  eommenwy.  The  data  shown  art  a  summary 
of  the  data  gathered  for  all  four  pilots  who  participated  unless 
otherwise  noted. 

The  eight  different  auxiliary  thruster  inceptor/control  response 
types  were  examined  to  determine  the  best  candidate  for  the 
remainder  of  the  expenmem.  The  mean  CHRs  and  some  sam¬ 
ple  pilot  commentary  from  the  abeam  air-to-air  task  fix  each  of 
the  eight  different  combinations  arc  shown  in  table  5. 

Generally,  the  pilots  preferred  the  u-body  command  systems 
over  the  force-command  systems.  This  was  because  the  force 
command  systems  required  the  pilot  to  monitor  the  quantity  and 
duration  of  force  that  was  applied  in  order  to  achieve  the  de¬ 
sired  airspeed  or  closure  rate.  This  required  adding  the  auxil¬ 
iary  thrust  displayed  on  the  HUD  into  the  instrument  scan  and 
trying  to  estimate  the  amount  of  auxiliary  thrust  required  for  the 
desired  response.  The  u-body  command  systems  maintained 
the  set  airspeed  automatically. 

Of  the  inceptors  examined,  the  cyclic  joystick  was  preferred  for 
its  location,  orientation,  force  characteristics,  and  the  ability  to 
make  incremental  inputs.  The  cyclic  thumbwheel  was  found  to 


be  too  sensitive.  The  collective  beep  switch,  although  found  to 
oe  satisfactory,  was  generally  not  preferred  because  of  its  “all 
or  nothing"  input  type.  The  collective  twist  grip  was  found  to 
have  poor  force/displacement  characteristics;  the  forces  were 
ratchety  and  it  lacked  a  discernible  detent 

It  is  interesting  to  note  though  that  one  pilot  favored  the  collec¬ 
tive  beep  switch  because  of  its  location  on  the  left  side.  He  said 
he  felt  that  the  auxiliary  thruster  was  a  "power-type"  control 
and  should  therefore  be  grouped  with  the  collective. 

The  cyclic  joystick  with  the  ug^y-rate  command  system  was 
used  to  generate  the  rest  of  die  data  presented  in  this  section. 

Figure  13  shows  the  CHRs  and  task  performance  results  for  the 
air-to-air  tasks  with  and  without  the  auxiliary  thruster.  Figure 
I3ta)  shows  the  mean  CHRs  from  both  the  abeam  task  and  the 
mountain  task. 

Fig-ire  13(b)  shows  the  task  performance  results.  The  daw 
shown  for  Use  auxiliary  thruster  were  for  a  thruster  which  had  a 
maximum  throst/w  eight  capability  of  0.33. 

The  results  indicate  a  significant  improvement  m  both  handling 
qualities  and  task  performance  when  the  auxiliary  thruster  was 
added.  In  general,  there  was  1.0  to  1 J  CHR  improvement  with 
the  auxiliary  thruster.  The  CHRs  also  indicate  that  the  pilots 
were  satisfied  with  an  approximately  3.0  g  configuration  with 
the  auxiliary  thruster  as  compared  to  a  3.5  to  4.0  g  configura¬ 
tion  without  the  auxiliaiy  thruster. 


s 


Tables.  Sample  ptot  commentary  and  mean  CHRs  K'auxSary  thrust  inceptors. 


Inceptor 

(sec  figure  12) 

Command  system 

force  rate  ubajJ  me 

cyclic  thumb  joystick 

"I  had  to  went  a!  it  a  lot  morn  to  maintain  the 

airspeed  controls  l  was  the  integrator  in  the  y 

process  of  trying  to  establish  the  new  air-  J" 

speed ~  mean  CHR  «*  5  J 

collective  beep  twitch 

'Again  it  is  more  wort' nod  because  you  select  ~t didn't  particularly  hie  all  or  nothing  on  the 

seme  power,  you  take  yvur  finger  off.  and  to  switch  It  wxss  difficult  to  get  an  incremental 

actually  gel  to  the  spec-1  that  you  wanted  you  change  in  there.  And  1  think  that  is  a  benefit 

hare  to  deselect  the  power.  That  is  twice  as  with  honing  it  up  on  the  [cyclic  joystick}:  to  be 

much  as  you  are  doing  before.'  AJh  able  to  get  that  incremental  change."  XS 

cyclic  thumbwheel 

force  Ufcody 

"Once  you  ere  in  a  dynamic  siaiaJton,  and  >t*i  is  actually  nice  to  have  a  reference,  an  idea 

are  trying  to  slow  down  and  speed  up.  u  is  too  pf  whet  speed  you  have  set  with  this  the  X  force 

sensttnr....  in  that  it  is  alt  too  easy  to  select  full  controller,  hut  this,  at  the  moment  ts  too  sensi • 
aft  or  full  forward  ard  get  the  full  thrust  wfuch  dve.  ~  54 

then  decreases  your  speed  too  quickly  or  in¬ 
creases  your  speed  too  quickly,  making  it  very 
difficult  to  ccntroL  ~  54 

collective  twist  gnp 

"l  don't  like  the  throttle  arrangement,  it  a  "1  never  knew  where  /  hut  in  the  position  end 

much  too  stiff,  there  is  uncertainty  about  it's  it  nut  even  difficult  to  find  Ac  trim  position... 

possum  and  what  the  neutral  posiaon  is  '  the  way  this  is  reacting  now.  1  would  soy  that  it 

'  This  throttle  is  all  screwed  up.  ~  C0  «  edmost  unusable.'  XS 

Note:  Maximum  ,V.  c-mMc-  *30.  auxiliary  thnna-Vtighi  ■  0  33 
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Mu  load  factor  oe«MMv  (a) 

Bgura  13.  Air-to-air sate  n*au(lcw«i  and  wttoutandtoryfiruat.  («)  maan  CHR«  tor  bah  take;  (b)  taafr  ptrtormanca  raatits. 


"Hie  pilot  commentary  intkeaKs  that  the  improved  speed  control 
that  the  auxiliary  thruster  afforded  was  a  major  factor  in  the  im¬ 
proved  CHfe.  Pilot  B  stated. 

Ten  ouU  ut  /the  auxiliary  thru: ter)  quite  easily  to  slot: 
yourself  dorm.  Ltcrea'c  your  turn  rcu  cr  to  speed  yourself  up 
to  get  into  a  better  position  without  haring  to  son  of  lower  the 
collective  and  bri.it  ’ft*  n°tc  up  so  that  your  -rocking  has  gone 
to  worms.' 

Riot  A  commented. 

‘Duing  the  burial  part  of  this  run.  it  looisUte  since  the  target 
!s  so  far  away  from  you  that  you  can  go  ahead  and  use  positive 
x-force  to  increase  your  speed  quickly  to  get  it  up  to  a  desired 
velocity  for  rale  of  closure.  Once  the  adversary  started  turning, 
you  could  increase  your  rate  of  turn  in  on  attempt  to  track  him 
by  using  the  negxjve  X-force.  * 

Pilot  commentary  also  indicafed  that  at  very  high  Scvdj  of  •%’ 
capability  the  x-force  was  not  as  useful  because  of  the  already 
inherent  superiority  of  the  ownsJup.  Also,  at  very  low  *g"  capa¬ 
bility  the  x-force  was  viewed  as  usable  to  make  op  foe  the  de¬ 
gree  of  deftricncy. 

Figure  14  shows  a  summary  of  the  mean  CHStx  given  for  all  of 
the  auxiliary  thrust  configurations.  The  data  shown  represent 
the  avenge  of  both  air-to-air  tasks.  The  data  hive  been  shaded 
to  indicate  the  a IX  Level:  Level  3  ratings  sue  black.  Level  2 
rating  arc  gray,  and  Level  I  ratings  are  unshaded.  The  location 
of  the  AH-56A  Cheyenne  is  shown  for  comparison  purrees. 

The  data  indicate  that  same  toad  factor  capability  can  be  traded 
for  auxiliary  thrust  capability  without  significantly  degrading 
handling  qualities.  It  can  be  seto  that  a  33)  g  configuration  with 
en  auxiliary  thrusifwetgkt  of  0J3  achieved  bates  CHS*  due  x 
4.0  t  configuration  without  auxiliary  thrust.  Configurations 
with  awiliary  throstrwesght  levels  as  low  as  02  are  seen  to  pos¬ 
sess  significant  handling  qualities  advantages  over  those  with¬ 
out 

The  data  in  figure  14  ioficaurthnl  the  configurations  with  auxil¬ 
iary  thrastteeight  levels  of  0.6  and  t.O  <Sd  not  havr.  significant 
handling  qualities  advantages  over  those  with  0  33 
Ihrsudwright  levels. 


4.  CONCLUSIONS 

Three  piloted  viraalatico  studies  were  perform-  J  by  U«  O.S. 
Artsy  Aerofligibidyaanrics  Directorate  to  exx  -sc  the  UCatcacc 
of  mancnversbilit}  and  agility  on  he.'kupee'  ssrrSUrr.  qualhms 
and  to  provide  an  esptaded  basis  f«  the  dynamic  icipoase  rc- 
quiremeota  in  Aeroeaotical  Design  Standard  33C  Handling 
Qualities  RcquirtaienU  for  Miliary  Rotarcrafl.  The  exp-ri- 
raerxs  focused  on  tgjresdve  tasks  such  an  air-to-air  combat  and 
target  acquisition  and  tracking. 

The  resets  of  the  target  acquisition  in  borer  task  from  the  yaw 
agility  experiment  suggest  that  the  ADS-33C  yaw  attitude 
quickness  boundaries  might  be  relaxed  to  die  levels  indicated  in 
figure  S  withSRt  sacrificing  the  ability  of  the  pilot  to  make  pre¬ 
cise  heading  change*  in  hover. 
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Good  agreement  with  the  ADS-33C  roll  bandwidth  requirement 
was  seen  for  the  pilch  and  roll  maneuverability  and  agility  ex¬ 
periment.  Task  performance  results  correlated  well  with  pilot 
opinion  ratings. 

"The  normal  and  longitudinal  load  factor/maneuverability  exp.  r- 
iment  showed  that  the  addition  of  auxiliary  thtust  can  ptovide  a 
significant  improvement  in  handling  qualities.  Auxiliary  thrust 
'•vels  as  low  as  0.2  thrust/weight  were  shown  to  have  signifi¬ 
cant  handling  qualities  and  mission  performance  advantages 
ever  those  configurations  without  auxiliary  thrust,  it  was  also 
shown  that  integration  of  the  auxiliary  thrust  inceptor  with  the 
pilot's  other  controls  is  critical.  Poor  implementation  can  actu¬ 
ally  make  the  vehicle  more  difficult  to  fly  than  if  there  was  no 
auxiliary  thrust  at  all.  Of  the  auxiliary  thruster/control  systems 
examined,  a  utraiyrate  command/u^yhold  system  with  a 
cyclic  joystick  inceptor  was  found  to  provide  the  best  handling 
qualities.  Some  normal  load  factor  capability  could  be  traded 
for  auxiliary  thrust  capability  without  sacrificing  satisfactory 
handling  qualities.  Increasing  auxiliary  thrust  levels  to  0.6 
thrust/weight  and  higher  did  nor  yield  further  handling  qualities 
improvements  over  those  cases  with  0  33  thrust/weight 
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The  enviioruzent  in  which  a  fighter  pilot  is  required  to 
operate  is  subject  to  co».*h'US!l  change.  This  change 
arises  from  advances  ii,  „  .'.note®  and  the  altering 
world  political  situation.  The  0"iy  prediction  that  can  b: 
made  with  any  confidence  is  f..vt  this  change  process  is 
board  to  continue  with  an  unpredictable  rate. 

la  dealing  with  change,  it  is  easy  to  prescribe  a  process 
but  exttetndy  difficult  to  implement  the  prooess  with 
success.  Success  requires  anticipation,  reaction, 
re-evaluation  and  modification  of  tactics  and  processes. 
The  need  for  change  mint  be  raccfnised  and 
accommodated.  Such  at  approach,  whether  applied  to 
fighter  airplanes  or  any  field  of  human  endeavour 
translates  to  agility. 

In  undertaking  this  work,  the  Group  encountered  many 
definitions  of  agility,  some  cf  which  represented  wideiy 
uttering  viewpoints.  Often,  in  the  past,  protagonists  of 
die  varying  ideas  have  fallrn.  into  heated  arguments  as  to 
who  is  right.  Fortunately,  within  tbs  Group,  we  have 
been  able  to  stand  bock  and  examine  the  arguments  with 
a  dispassionate  approach  which  has  enabled  us  to 
understand  the  various  srgumavts  nod  see  the  common 
ground,  rather  than  the  difftrrares. 

From  our  deliberations  and  discussions,  the  setwer  has 
emerged  that  no  orre  was  wroug.  that,  ail  were  rigid,  et 
least  in  part  However,  few  had  taken  the  time  to  sund 
back  end  take  an  »U  embracing  view,  ,’lad  they  done  so, 
then  the  message  that  all  were  trying  to  pot  forward 
might  have  had  t  widbf  and  more  sympathetic  rjdseoce. 

All  of  the  agility  concepts  that  have  been  forward 
have  some  merit  What  wav  required  s»  a  wty  to  ttirtfi 
the  ideas  sad  be  aide  to  tppry  them  in  a  manner  that  is 


both  reasonable  and  logical  from  both  the  viewpoints  of 
the  designer/suppiier  of  aircraft  and  tha  customer/user  of 
the  vehicles  that  result 

In  defining  a  Weapon  System,  it  is  essential  to  examine 
the  component  parts  and  their  interaction,  whether  ihis 
be  airframe,  propulsion  system,  sensors,  cockpit  anti 
avionics  or  the  weapons  themselves  and  establish 
balance  and  synergistic  integration  betrveen  all  of  the 
components  appropriate  to  the  intended  role  and 
missions  of  the  aircraft.  It  is  the  need  to  achieve  balance 
and  integration  that  is  the  prime  driver  for 
understanding  Operational  Agility  as  a  set  of  concepts, 
supported  by  metrics  which  fit  into  a  generalised 
framework,  capable  of  evaluating  a  complex  combat 
aircraft  design  with  a  view  to  maximising  the 
effectiveness  of  that  design  within  affordable  cost  limits. 

The  activities  of  the  Group  hsve  produced  such  a 
framework,  derived  from  the  various  Sight  mechanic* 
betted  concepts,  but  which  would  appear  to  be 
gcnetalistibie  to  cover  the  other  systems,  either  as 
individual  systems,  or  as  a  total  Weapon  System.  Their 
is  further  work  required  to  confirm  that  this  framework 
vrili  aland,  but  our  initial  investigations  are  very 
promising. 

This  poiaW  the  tay  forward  for  future  aircraft. 
Achievement  of  this  design  balance  requires  all  of  the 
Weapon  System  attributes  to  be  studied  evaluated,  and 
weighed  against  each  other,  together  with  the  cost 
implications,  to  determine  the  optimum  solutions.  This 
may  imply  significant  compromises  if  the  roles  and 
perceived  threats  are  too  diverse.  A  consequence  is  that 
future  dsign  specifications  and  requirements  will  treed 
to  be  prepared  in  s  different  way  from  that  traditionally 
used,  iu  order  that  the  correct  design  balance  for  a  given 
set  of  applications  era  be  achieved 
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Introduction 

The  flying  characteristics  and  flying  qualities  have  been 
major  interests  of  the  Flight  Mechanics  Fane)  of 
AGARD  for  many  years.  A  subcommittee  of  the  Pa»:l 
has  addressed  this  area  specifically.  Recently.  Use 
subcommittee  sponsored  Working  Group  17,  which 
examined  the  'Handling  Qualities  of  Unstable  Flighty 
.Augmented  Aircraft*,  published  as  reference  1  and  a 
Symposium  on  Flying  Qualities,  reference  2. 

Stemming  from  these  activities,  it  war  recognised  that 
flying  qualities  and  traditional  aircraft  performance 
parameters  did  not  characterise  the  capability  or 
effectiveness  of  combat  aircraft,  although  they  do  offer  a 
guide.  Other  learned  groups  trad  reached  a  similar 
conclusion.  The  subject  that  arose  from  these 
realisations  was  'agility*. 

Recognising  that  this  was  an  incomplete  or  immature 
concept  and  that  a  wide  variety  of  sometimes  disparate 
views  costed,  the  Panel  formed  a  further  Working 
Group,  WG.19,  consisting  of  specialists  from  AGARD 
member  countries,  to  study  the  subject  under  the  title  of, 
as  originally  proposed,  "Functional  Agility*  or  as  now 
preferred  by  the  members  of  WG.19,  'Operational 
Agility". 

The  final  report  of  WG.  19  is  due  to  be  published  as 
reference  3  in  the  near  future. 

Objectives  of  Working  Group  19 

The  specific  objectives  for  Working  Group  19  were 
defined  by  the  previous  Working  Group,  WO  1 7.  as 
follows:- 

«  To  provide  definitions,  which  are  unrvmsally 
acceptable,  of  the  terminology  involved  in 
agility. 

•  To  collate  the  results  o(  lessons  learned  fn*i 
experiments  on  agtiity. 

To  define  metrics  or  figures  of  merit  for  aae  in 
dergn  and  evaluation. 

•  To  explore  and  document  the  theoretical 
foundations. 

•  To  explore  the  operational  payoff  of  beisneed 
capabilities  between  the  airframe,  systems  and 
weapons 


•  To  highlight  any  specialised  aspects  applicable 
to  rotorcraft. 

•  To  indicate  possible  mrai-s  of  evaluation  in 
flight. 

•  To  recommend  areas  for  further  research  and 
dsvetopenc>'t  activities,  including  possible 
collaborative  projects. 

Five  working  sessions  were  heid  at  places  of  special 
interest  In  the  group,  between  the  yeriis  of  1991  and 
1993.  Venues  wrre:- 

«  Edwards  AFB,  Liacaster.  California,  United 
States. 

•  S7PA,  Taris,  France. 

•  jikorsky  Ai.craft,  Stratford,  Connecticut, 
United  States. 

•  Aermatebi,  Varese,  Italy. 

•  British  Aerospace,  Warton,  United  Kingdom. 

Working  Group  ’9  is  new  it.  the  process  rt  finalising  its 
report,  which  will  be  available  for  general  distribution  in 
the  near  future. 

Tfce  Background  to  Operatfonal 
Agility 

To  undersUud  the  background  to  Operational  Agility  it 
is  worth  ccnr;  dering  some  of  the  historical  background 
to  agility. 

The  first  air  to  air  conflict  occurred  in  the  Great  War. 
Here,  aircraft  were,  for  the  most  put  marginal  with 
regard  to  performance,  stability  end  control  Isbility. 
Indeed,  many  combat  losses  could  ho  ai'ributed  io  these 
shortotniin^s  rather  than  the  action  of  the  enemy. 
However,  some  of  the  aircraft  were  rtgai  fed,  and  still 
are,  as  models  of  the  agile  fighter,  particrJiriy  in  the 
hands  of  a",  expert  pilot  or  "ace".  The  basic  drills 
required  were  the  ability  to  rcmai><  in  con’rol  and  shoot 
accurately. 

For  subsequent  conflicts,  the  same  basic  skills  <x?-. 
inquired,  although  rirfcmes  were  better  stabiliaed  and 
ccjttrolled  and  had  increa^r!  power  available,  resulting 
in  higher  speeds.  Whh  radar  and  tadio,  it  became 
possible  to  receive  guxkna  towerde  the  targets  mat  the 
ground  control  perceived  as  the  prime  threat  Weapons 
remained  visual  range,  however,  but  rganSess  of  this. 
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the  increased  speeds  and  the  added  information  changed 
the  difficulty  of  the  pilot’s  task  due  to  the  implications 
on  Ids  situational  awareness  and  choice  of  tactics. 
Increasingly,  the  combat  results  became  mote  clouded 
by  the  interaction  of  the  systems  available  to  the  pilot 
and  his  ability  to  assimilate  the  information  provided 

The  advent  of  jets,  airborne  radar  capability,  missiles 
and  counter  offensive  equipment  have  all  tended  to 
complicate  the  picture  whilst  attempting  to  improve  the 
ability  to  perform  the  same  basic  tasks,  i.e..  finding  the 
opposition  and  shooting  him  down. 

Kora  demonstrated  the  henefits  of 
high  performance  combined  with 
good  handling,  to  the  detriment  of 
tire  Communist  forces.  However, 
some  lessons  were  forgotten,  and 
had  to  be  relearned  in  later 
conflicts. 

A  classic  modem  example  derives 
ftom  the  Falkland*  conflict,  where 
(he  Sea  Harrier  had  significantly 
less  performance  than  the  opposing 
Mirage  and  Dagger  aircraft,  but 
was  able  to  acquit  itself  very 
successfully  because  of  its  radar, 
weapons,  the  bock-vp  of  ship-home 
control  radar  and  information  and 
not  having  <o  operate  at  the 
extremes  of  its  range.  Further 
examples  come  from  the  USAF  and  USN  aggressor 
training  schools,  where  the  success  of  the  F-5  in  the 
hands  of  very  skilled,  combat  experienced  pilots  caused 
a  number  of  upsets  in  training  combats  against 
apparently  more  capable  opponents. 

As  i  direct  consequence,  over  recent  years,  there  has 
been  a  growing  recognition  flat  studying  traditional 
performance  parameters  and  Flying  Qualities  does  not 
adequately  characterise  the  oifferenees  between  aircraft 
or  thei.  relative  effectiveness. 

Considerably  more  is  involved  in  understanding  what 
makes  an  aircraft  effective  and  many  workers  have  been 
attempting  to  qualify  what  the  extra  something  is  and 
quantify  its  measurement  The  studies  of  agility  are  a 
direct  result 


Figure  1  provides  an  approximate  illustration  of  the 
increasing  complexity  of  the  fighter  pilot's  task  which 
have  resulted  from  the  introduction  of  increasing 
technology  aimed  at  assisting  him  increase  the 
effectiveness  with  which  he  can  operate.  If  it  is  assumed 


that  the  workload  in  combat  is  atoays  maximum,  then 
his  ability  to  attend  to  each  system  is  significantly 
reduced  An  aircraft  in  wb^”  this  can  be  achieved  with 
success  can  certainly  be  dc_ribed  as  agile. 

The  Working  Grocp  has  defined,  Jierefore,  our  subject 
of  "Operational  Agility*  as  a  full  system  capability, 
including  the  sensors  and  other  onbnrd  electronic 
systems  and  the  weapons.  Systems  which  are  not 
onboard  to  which  the  aircraft  systems  must  relate  heve 


not  been  considered,  specifically. 

Definitions  of  Agility  Terminology 

la  developing  t'«  subject  of  Operational  Agility  the 
Group  has  had  to  derive  i  terminology  which  adequately 
describes  the  intended  itwanings,  such  that  we  were 
clear  within  cur  own  work.  Before  describing  the 
activities  and  conclusions  in  detail,  it  is  worth 
presenting  the  terminology  which  resulted 

A  set  of  definitions  has  been  arrived  at  which  are 
consistent  with  the  proponed  methodology  for  evaluation 
and  specification  of  the  aircraft  and  its  associated 
onboard  systems.  These  definitions  are:* 

Onerstionot  AriBSv  -  the  ability  to  adopt  and  respond, 
rapitSy  and  predtefy,  with  safety  and  poise,  to 
maximi*  mission  effectiveness. 

Airframe  At'Jkv  -  the  piiysicaJ  properties  of  the 
aircraft  which  relate  to  its  ability  to  change,  rapidly  and 
precisely  its  flight  path  or  pointing  axis  and  to  its  case  of 
completing  that  change. 


<§> 


<*) 
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Systems  Atilitr  •  lie  a£tlity  fo  raoidlv  diacge  rairtioc 
functions  of  the  unfividoa!  system  whklj  provide  the 
pilot  with  his  tactical  awareness  and  hit  slxlhy  to  utccs 
and  launch  weapons  in  response  to  and  to  alter  the 
environment  ie  which  he  «  opening. 

IKbmws  Arilkr  -  the  ability  to  engage  rapidly  the 
characteristics  of  the  weapon  and  its  associated  onboard 
systems  in  response  to  hostile  intent  or  counter 
measures. 

Treviatc  /foi&y  is  a  continuously  defined  property 
t effecting  the  instantaneous  state  of  the  system  under 
consideration. 

The  Form  of  the  Working  Group  Final 
Report 

From  the  earliest  discussions  within  the  '.jreup,  it  w» 
clear  that  tbs  starting  point  for  most  people  working 
with  agility  problems  war,  often  in  the  Flight  Mechanics 
and  Controls  area  Most  of  the  arguments  regarding  how 
to  characterise  agile  ■’iresft  had  their  origins  in  these 
disciplines,  hut  some  authors  were  advocating  a  broader 
spprcjcK  The  objective*  of  the  Group  required  us  to 
adopt  this  broad  approach,  ten  it  was  recognised  Utat  the 
'tradetionai"  aspects  had  to  be  dealt  with. 

Accordingly,  the  report  was  to  be  split  into  four  prime 
sections  to  dead  with  tin  aspects  of  Operational  Agility 
which  w«  considered  to  he  most  significant.  Both  fixed 
wing  and  rotor  craft  aspects  are  addressed  throughout  the 
report  and  a  oottskfcraHe  synergy  between  the  two 
communities  became  apjarerj 

These  sectisas  ?re:- 

«  Airframe  Agittty  -  this  section  has  been 
further  subdivided  to  give  detail  appraisals  eft 

*  Vehicle  Flight  Mechanics  applied  to 
Agility.  This  details  the  equations  which 
can  be  utilised  to  describe  the  flight  petit 
and  rotatio&tianslatiou  of  the  vehicle  in 
question.  As  such,  this  provides  the 
theoretical  background  to  Airframe 
Agriitv. 

•  The  Agility  Mvtrics.  This  pforidts  details 
of  the  met  net  which  have  been  developed 
to  date.  During  preperation  of  thii  survey, 
it  was  realised  that  ibere  »w  a  fores 
appearing  which  looked  to  s^tlicrtblc  to 
cny  aircraft  syrrem.  jot  just  the  Flight 
Mechanical  asp«o.  laptr  24  of  this 


symposium  will  address  this  work  in  some 
detail. 

•  Handling  Qualities  and  Airframe  Agility 
It  was  recognised  that  there  is  a  strong 
relation  between  these  areas,  which  it 
addressed  here.  Paper  23  of  this 
symposium  relates  to  this  section.  One  cf 
the  concerns  which  has  been  raised  during 
the  work  of  the  Group  relates  to  whether  or 
not  there  is  an  upper  limit  to  agility, 
whether  this  be  the  airframe  or  any  other 
system.  This  is  perhaps  most  readily 
understood  in  tennr  of  the  ait  frame  agility. 
Some  of  the  upper  limits  are  comparatively 
easy  to  de-cribe,  ss  they  retuh  Rons  the 
tiatitrtioos  of  the  structure  cr  rate  at  which 
controls  move.  However,  there  itn: 
concents  tiui  very, high  performance  nay 
be  dangerous  to  ■car,  as  the  more  aggressive 
the  asr.  of  the  airframe,  tV.m  the  more  d* 
harefling  qaalkiet  may  degrade.  In  very 
high  workload  siruatkra-,  this  may  result  in 
unsafe  characteristics  but  the  atnatior  is 
likely  to  be  difficult  to  quantify  as  it  will 
depend  os  the  aggressiveness  of  the  pilot 
If  high  perfonnaese  is  dangerous  to  use, 
tbcu  pilots  will  avoid  using  it,  hence  flying 
qualities  can  provide  major  restrict  iocs  oa 
the  agility  of  (t  particular  aitfraoK. 

•  Design  for  Airframe  Agility.  This 
describes  the  design  process  for  an  utile 
aircraft,  highlighting  the  iterative  tenure 
and  increasing  level  cf  detail  involved.  It 
deals  with  the  use  of  the  various  agility 
tnrirics.  in  cotrittnaiioa  with  the  rr»re 
tradrticaal  aircraft  performance  paranuters 
(tod  flying  qualities,  sad  when  these 
various  aspects  apply.  Bath  fir<cd  wing  and 
rotorcroft  design  aspects  arc  acHrwsol. 

•  Airframe  Agility  Evaluation.  This  ttctioa 
deals  specifically  with  the  use  of  the 
jsopoted  metrics  in  the  evaluation  process, 
providing  r,  useful  guide  to  airfns&c 
designers  when  agility  is  a  design  driver 

0  Ssh*y»fesi  AgfiiSy.  This  section  addresses  the 
less  trahtioasl  aspects  which  it  was  realised 
will  play  a  agnificani  pert  iu  whether  or  not  a 
vehicle  can  le  regarded  as  Operationally  agile. 
This  is  the  recognition  of  the  total  V/capon 
System.  The  primary  areas  addresses  relate  to.  • 

•  Mtsrion  Oriented  Systems.  This  looks  * 
the  aircraft  onboard  rysteau,  scch  as 
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seosors.  *od  examines  their  influence  on 
the  ovet  H  agility.  Examples  of  the 
transient  -tries  which  can  be  applied  to 
the  typical  onboard  aircraft  systems  are 
presented  This  should  enaNc  designers  to 
decide  the  type  of  metric,  within  the 
proposed  framework,  which  wit!  be 
appropriate  to  their  particular  system. 

•  Weapons  Agility.  A  key  feature  of  cn 
Operationally  agile  vehicle  relates  to  the 
weapons  which  it  must  deploy.  This 
section  looks  at  some  of  the  issues  which 
are  involved.  Paper  27  examines  some  of 
the  issues  coveted 

•  Pitot-Vehicle  Interface.  This  section  deals 
vith  the  aspects  of  the  agile  vehicle  which 
reiate  to  the  design  of  the  cockpit  and  the 
interface  to  the  pilot  There  are  two  main 
(Xirts:- 

•  Physiological  Aspects.  This  locks  at  tlr 
various  aspects  of  the  design  which  relate 
to  the  pitot  physiological  concerns  and  his 
performance  under  various  stresses.  Paper 
22  of  this  symposium  examines  some  of 
the  aspects  which  relate. 

•  Pilot  Aiding  This  section  addresses  scare 
of  tbe  systems  which  can  assist  the  plot  of 
a  vehicle  with  high  levels  of  agility  and 
also  gives  a  brief  overview  of  some  of  the 
aspects  of  mufti-mission  capability.  Paper 
22  examines  some  of  the  issaes  which  are 
involved  for  the  ground  attack  scenario. 

•  Evaluation.  Evaluation  forms  a a  essential 
element  Of  understanding  Operaticnal  Agility. 
At  the  outset,  this  was  thought  to  address  the 
flight  test  of  ag'le  vehicles,  as  this  U  an  area 
that  is  being  studied  in  many  countries. 
However,  it  was  soon  realised  when  this  section 
came  to  be  drafted,  that  evaluation  is  a 
continuous  process,  running  from  concept 
through  to  the  end  of  the  vehicles  Service  life. 
As  such,  evaluation  should  play  a  significant 
role  in  the  design  and  procurement  of  agile 
Weapon  Systems.  The  key  issues  addressed 
are:- 

•  Evaluation  Techniques.  Here  the  report 
looks  at  the  methodologies  for  evaluating 
agile  aircraft  and  systems  and  proptns 
techniques  which  might  be  applied  to  this 
cad.  The  concept  of  the  Mtorioa  Task 


Element  for  this  purpose  is  seen  as  a 
central  element. 

*  Data  Gathering  St  Reduction.  Currently, 
there  is  little  information  available  which 
enables  the  designers  and  system  specifiers 
to  see  bow  the  current  aircraft  systems  are 
actually  utilised  by  the  aircrews  who  have 
to  Qy  with  them.  There  is  cteariy  a  need  to 
establish  what  really  happens,  and  under 
all  conditions,  if  realistic  evaluation 
techniques  are  to  be  established. 

Each  major  section  of  the  report  draws  its  own 
conclusions,  enabling  the  report  to  be  read  either  as  a 
total  entity  or  as  a  series  of  indrvkfcal,  stand-alooe 
documents.  The  conclusion*  are  all  drawn  together  at 
the  end,  together  with  the  recommendations  for  further 
activities. 

The  major  item  which  runs  though  the  report  is  the  need 
for  the  unified  methodology,  which  is  summarised  in 
more  detail  here,  as  are  the  conclusions  and 
recommendations. 

An  Operational  Agility  Methodology 

Test  and  evaluation  is  an  exacting  process  for  even 
simple  designs  and  article..  The  term  test  is  worthy  of 
some  discussio’,  before  we  turn  to  evaluation.  The 
definition  contained  in  The  Glossary:  Defease 
Acquisition  Acronym  and  Terms',  prepared  by  the 
Defense  Systems  Management  College,  is  as  follows:- 

•  A  ‘test*  is  any  programme  or  procedure  which 
is  designed  to  obtain,  verify,  or  provide  data  for 
the  evaluation  of:  retouch  and  development; 
progress  in  accomplishing  development 
objectives;  or  performance  and  operational 
capability  of  system,  subsystems,  components 
and  equipment  items. 

A  Is  eroJuotlou  which  transforms  tat  results  bde 
useful  btformaden. 

Evaluation  is  an  essential  dement  in  the  process  of 
development  of  any  system.  For  maximum  effectiveness, 
it  has  to  be  combined  with  a  satisfactory  methodology  by 
which  the  evaluation  can  proceed.  One  of  the  key 
outputs  of  the  Working  Group  relates  to  the  statement  of 
such  a  methodology  which  may  be  adapted  for 
application  to  any  aircraft  or  system  development 
project 

From  the  work  oo  cot  relating  the  various  metrics,  an 
overall  form  bn  emerged  with  a  regular  putters  to  it. 
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Oa  farther  examination,  the  Group  I ound  ths»  the 
emerging  structure  could  be  applied  to  any  system 
associated  with  the  liibome  vehicle,  aai  that  them  was 
a  route  to  quantifying  the  worth  of  the  system  in  relation 
to  each  of  the  other  systems. 

For  any  individual  project,  the  generalised  methodology 
must  be  adapted  to  a  specific  set  of  evaluation 
methodology  and  metrics  which  should  be  decided  at  the 
beginning  of  the  design  cycle.  The  reason  behind  this  is 
that  the  metrics  are  a  function  of  the  roles  which  the 
vehicle  must  fulfil. 

Recognition  of  this  allows  the  same  methodology  to  be 
applied  to  any  category  of  vehicle,  on  much  the  same 
way  as  Handling  Quality  specifications  .  The  key  to 
success  is  to  oonsider  the  evaluation  process  before  the 
engineering  detail  design  process  has  started. 

From  the  agility  definitions,  the  necessary  methodology 
and  evaluation  techniques  become  evident  The  detail 
will  look  similar  to  that  proposed  in  Tabic  1. 

Fundamental  to  this  is  the  concept  of  Mission  Task 
Elements.  The  process  is  to  brock  down  all  of  the 
mission  related  tasks  which  have  to  be  performed  into 
their  component  puts,  going  down  to  whatever  level  of 
detail  is  necessary  O  capture  all  of  theacthitiec  and  the 
information  exchanges  which  relate  to  the  deface 
processes.  Using  such  techniques,  it  is  possible  to 
analyse  any  function  or  system  onboard  the  vehicle  and 
it  helps  focus  the  mod  cn  the  actual  process^  which  are 
in  place  with  the  pilot  in  the  cockpit,  at  any  rtage  of  his 
task.  These  are  already  in  use  in  the  rotary  wing  worid, 
but  are  only  just  being  taken  on  board  by  the  fixed  wieg 
community. 

In  the  early  stages  of  design,  even  at  the  conceptual 
stage,  this  technique  can  be  used  to  determine  what  it 
required  to  perform  any  task  and  allows  a  study  of  all  of 
the  design  options  available  such  that  the  most  effective 
way  of  achieving  the  task  results. 

As  shown  in  the  table,  the  methods  range  from  the  very 
simple  to  the  compter  Operational  Test  and  Evaluation 
exercises  A  concept  which  is  worth  pursuing  farther,  in 
this  relation,  is  that  of  onboard  simulation  of  systems,  to 
simulate  the  necessary  stimuli  and  gauge  the  response. 

Conclusions 

The  Group  has  completed  its  study  of  Operaboaal 
Agility  with  this  report.  In  undertaking  the  study,  a 
greater  understanding  has  ben  reached  of  those  sub  frit 
which  influence  Operational  Agility  and  b w  these 
subjects,  via  the  use  of  Operational  Agility  concepts. 


may  be  related  so  the  combat  effectiveness  of  the 
Weapon  Systems. 

In  reaching  this  understanding  the  Group  has  proposed 
definitions  of  the  agility  terminology  which  it  is  hoped 
will  prove  universally  acceptable. 

To  go  with  these  definitions,  the  Group  has  arrived  at  a 
methodology  for  assessment  of  the  various  component 
systems  which  contribute  to  the  Operational  Agility  or 
contest  effectiveness  of  a  Weapon  System.  This 
methodology  is  described  in  detail  in  the  Working 
Group  report 

Its  application  allows  the  relative  worth  of  the  differing 
systems  to  be  evaluated  against  each  other. 

On  farther  examination,  it  would  appear  that  the 
methodology  could  he  used  for  any  cUss  of  flight 
vehicle,  although  the  values  of  the  metrics  would  need 
to  change  appropriately.  The  parallel  with  Flying 
Ckralitiex  criteria  as  applied  to  different  classes  of 
aircraft  is  striking,  although  this  was  not  inuntional. 

Specific  Conclusions: 

1)  There  is  a  mismatch  between  the  Weapons 
sad  the  Airframe  capabilities. 

A  great  deal  of  effort  has  been  expended  in  developing 
the  airframes  to  be  highly  agile  but  this  has  not 
necessarily  been  matched  by  the  equivalent  development 
of  the  weapons  that  the  airframes  cany.  This  does  net 
imply  that  there  has  been  no  activity,  there  has,  but  (here 
needs  to  be  a  couxtnwy  in  the  development  if  the  total 
effectiveness  is  to  be  maximised. 

2)  The  way  in  which  aircraft  nut  their 
associated  system  are  specified  is  ia  need  of  review 
sad  revision. 

Current  combat  aircraft  specifications  and  requirements 
are  not  really  appropriate  for  the  complex,  integrated 
vehicles  which  have  to  result  from  attempting  to  meet 
the  requirements.  Th;  very  coenpiexiiy  of  the  vehicles 
often  means  that  decisions  relating  to  the  design  options 
may  not  take  into  account  nil  uc  influences,  leading  to 
engineering  difficulties  and  expense  later  in  the 
processes  of  development  and  procurement 

The  concepts  involved  in  Operational  Agility  can  assist 
in  the  proas*  of  determining  what  the  specification  and 
requirements  should  contain  and  in  the  design  and 
subaeepent  evaluation  of  the  -rthide  that  results.  The 
object  should  be  to  define  the  function  and  purpose,  then 
establish  the  methodology  and  means  of  evaluation  prior 
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to  issue  of  detail  engineering  design  specifications.  To 
achieve  this,  there  needs  to  be  dose  interface  aad 
teaming  between  the  customer,  end  user  aad  possible 
designers  and  suppliers  of  equipment,  airframes,  etc. 


time  delay  of  each  aircraft  subsystem  with  tie  aim  of 
recks  :ng  the  delays  without  over-  emphasis  on  a  specific 
system  aspect  which  could  potentially  lead  to  increases 
ic  time  delays  by  other  conponents,  including  the  pilot 


J)  The  achievement  «f  a  cart  elective  design 
balance  aad  the  maiinuiatiow  of  Weapon  System 
enmbat  effectivtseai  are  central  to  the  mttytt  «f 
Operatiansl  Agility . 

There  has  been  a  problem  of  vocabulary  which  has 
inhibited  communication  in  this  fidd.  However,  the 
report  of  the  Working  Group  should  assist  fay  providing 
the  necessa^  definitions  of  agility  tenmnology  by  which 
the  communication  can  be  established.  The  key  is  to 
recognise  the  broad  snipe  that  Operational  Agil:ty 
encompasses,  and  to  be  specif c  about  which  aspect  or 
system  is  being  discussed. 

To  achieve  the  design  balance  not  only  needs  the 
definition!  of  agility,  it  also  requires  standardised  agility 
figures  of  merit,  together  with  a  proven  quantification 
methodology  applicable  from  concept  through  design, 
lest  and  into  operational  contests.  The  rote  for  the 
vehicle  will  give  rise  to  differing  weighting  factors  for 
the  agility  attributes,  influencing  the  rfcsign  balance. 

The  propoaed  metrics  structure  seems  to  logically 
characterise  the  airframe  agility,  i.e..  transient, 
experimental  and  operational.  However,  there  is 
insufficient  data  at  present  to  clearly  determine  the 
tactical  meaning  of  airframe  agility  metric  results.  This 
conclusion  strongly  relates  to  the  seoood  conclusion 
regarding  the  tactical  meaning  of  agility. 

4)  There  is  a  need  for  Global  data  acqnWtkm. 

In  order  to  understand  and  quantify  the  Operational 
Agility  of  a  Weapon  System,  there  is  a  need  to  gather 
data  on  ail  the  systems  simultaneously’,  in  ordet  to 
determine  the  actual  usage  that  is  beitig  made  of  all  the 
systems  at  any  time.  Additionally,  there  is  a  need  to 
record  data  under  realistic  operating  condition!, 
including  combat  use  and  even  actual  war.  The 
capability  exists  now  to  gather  the  information  and  to 
tiandle  the  database  that  results.  The  implication  is  that 
the  data  acquisition  would  need  to  be  structured  with  all 
the  potential  users  in  mind  and  should  be  sufficiently 
flexible  to  accommodate  changing  aad  growing  needs. 

5)  Combat  sweets*  require*  more  than  an  agile 
airframe. 

Use  of  the  proposed  Operational  Agility  methodology 
should  enable  the  crodil  aspects  of  each  contributing 
system  to  be  identified.  The  object  will  be  to  focus  on  the 


Clear  understanding  the  time  delays  for  mission 
functions  enables  identification  cf  actions  to  automate, 
Le.  housekeeping,  leaving  the  crews  limited  attention 
time  to  more  critical  links  such  as  the  tactical  situation. 

f)  Quickness  parameters  provide  best  mesas  la 
bsnod  agility. 

The  concepts  of  quickness  parameters  are  comparatively 
well  developed  for  rotary  wing  vehicles,  as  exemplified 
by  ADS33C.  For  fixed  wing,  the  concept  is  still  in  its 
infancy,  but  it  would  appear  to  be  welt  worthwhile 
developing  as  an  aaalysis  tool,  ptrticularjy  if  the  vehicle 
will  have  to  demonstrate  high  levels  of  agility  in  its 
class. 

Flying  qualities  need  to  be  considered  in  the  early  design 
process.  The  concept  of  an  ’agility  factor*  for  this  phase 
of  work  where  the  focus  is  oa  probability  of  mission 
success  or  failure  combined  with  a  mission  task  element 
method  of  analysis  will  assist  in  nwoon  effectiveness 
trade  studies. 

The  Operational  Agility  structure  is  applicable  to 
mission  oriented  and  weapons  agility. 

7)  Airframe  agfthy  Is  designed  la  fro**  the 
mrtact 

Only  in  exceptional  circumstances  can  it  be  added  later, 
imptyirg  the  baric  design  was  not  balanced  properly. 

Operational  Agility  concepts  can  aad  should  be  applied 
*  the  cutset  cf  the  desi." — octss,  starting  even  with  the 
Operational  Analysis  .  The  objective  is  to 
determine  the  correct  design  balance  between  airframe 
aspects,  rveapons  and  the  onboard  systems  with  a  view 
to  maximising  the  operational  effectiveness  u  an 
affordable  co«t  and  to  ensure  that  there  is  adequate 
growth  potential  in  the  aircraft  to  take  it  through  its 
Service  life. 

Typically,  combat  aircraft  have  to  remain  in  Service  for 
around  20  to  25  wears.  During  this  time,  the  onboard 
systems  can  be  up^aded  many  times,  as  the  changing 
needs  of  the  operational  environments  dictate.  However, 
the  airframe  is  much  harder  to  make  any  fundaments! 
changes  to,  implying  that  the  flexibility  has  Vo  be  built  in 
at  the  cutset 
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Provided  tbit  is  recognised  eariy  in  the  design  process, 
before  detail  work  sans,  that  it  is  more  easily 
accommodated  Adding  capability  laser  is  always  note 
expensive,  and  may  need  major  structural  repair  work. 

t)  Rap'd  proSaSypiag  of  crew  station*  a  aa 
agility  earthier. 

Modern  crew  station  design  focuses  oo  the  tasks  for  the 
specific  missions  which  are  to  be  performed  The 
objective  is  to  lx  more  effective  in  an  overall 
performance  sense  and  to  be  able  to  respond  to  changes 
in  the  external  environment  more  adeptly  than  at 
present.  This  requires  an  understanding  as  In  bow  the 
crew  interface  with  the  systems  in  order  that  the 
appropriate  duplays  of  information,  as  opposed  to  data, 
C£a  be  implemented.  The  process  can  and  should  be 
used  to  decide  which  functions  are  to  be  automated, 
rather  than  what  can  be  automated. 

9)  Changing  combat  sfeuatianr  rent k  in 
dynamic  missile  envelope  can  did ana  that  prcaa  the 
ability  of  the  aWn  system*  M  present  np-ts-date 
iaderautian. 

The  key  here  h  the  need  for  the  system*  to  display 
information,  act  data,  bat  in  a  form  that  the  pilot  can 
readily  relate  to  and  with  a  speed  that  is  commensurate 
with  the  changing  situation.  Under  scare  circumstances, 
it  may  even  be  appropriate  for  the  system  to  take  action 
and  then  inform  the  crew  that  it  has  already  dealt  with  a 
situation,  for  example  in  response  to  an  external  threat. 
Again,  rapid  prototyping  allayed  to  adequate  simulation 
and  evaluation  will  prove  to  be  key  enablers  of  such 
technology. 

19)  Pflnt-Vehbk  Integration  for  the  expanded 
flight  envelope*  provide*  a  major 
ehaBenge  with  regard  to  displays. 

When  at  high  angles  of  attack,  oew  forms  of  displays  are 
required  to  ensure  that  awareness  of  the  flight  path 
vector  is  maintained.  Recovery  from  high  angle  of  ai.’ack 
manoeuvres,  asing  43*  or  more  is  accompanied  by  the 
reeling  that  the  aircraft  is  not  redoting  angle  of  attack 
initially.  The  aircraft  appear  to  maintain  AoA  and 
reduce  flight  path  angle.  This  places  additional  burden 
oo  developing  means  to  inform  the  pile:  as  to  what  is 
happening,  particularly  if  the  correct  things  are  taking 
price,  but  H  does  not  fed  natural. 

11)  In  teg  ration  of  propoirioa  ry  stems  into  tg He 

airframes  places  special  requirements  on  the 
prepolahm  wait  and  kt  Integration  Into  the  design. 


Engine  response  times  need  improving  for  carefree 
handling.  The  goal  should  be  to  obtain  maximum  power 
on  the  same  time  as  the  pilot  can  achieve  his  desired 
AoA. 

Thrust  vectoring  offers  s  powerful  control  effector.  A 
careful  cost/benefit  analysis  is  required  for  each 
indriidua!  project  study.  It  may  not  always  be  beneficial 
or  occessary  to  include  such  technology  to  achieve  the 
desired  effectiveness.  PST  should  not  be  considered  if  it 
drives  the  coofiguratioo  such  that  it  penalises  the 
aircraft  over  the  rest  of  its  design  flight  envelope. 

12)  The  stwdy  of  Operational  Agility  ia  still 
iaaastare. 

On  the  limited  evidence  available  to  the  Working 
Group,  the  concept  does  appear  to  be  valid  and  examples 
have  been  provided  ia  the  report  However,  the  ooncept 
requires  the  establish  meat  of  a  suitable  vocabulary  and 
uaification  of  exjtiag  work.  The  definitions  derived  by 
the  Gnrep  could  provide  a  basts  for  further  work  ia  this 
area,  which  wortid  appear  to  offer  a  worthwhile  reward 
ia  terms  of  the  operational  effectiveness  enhancements 
that  could  result 

RecobtraeodatioBs 

There  me  a  number  of  recommendations  which  result 
from  the  studies  at  this  Working  Group.  These  are  as 
followr.. 

1)  The  Mismatch  af  MOatifc*  and  Weapons  with 
Airframe*. 

There  is  need  for  some  form  of  brail  ducutrim 
relating  to  the  mis  marches  in  development  of  missiles, 
or  weapon*  in  general,  and  airframes.  The  Group 
believes  that  this  could  beat  be  adchcssed  by  a 
Symposium  to  i Hamate  the  current  problems  and 
identify  poasMe  ways  forward.  It  is  noted  that  such  as 
activity  coaid  relate  or  be  a  part  of  the  proposal  for  a 
Symposium  on  Weapon  System  Integration  which  has 
beta  raised  within  the  Flight  Mechanics  Panel. 

2)  The  Need  for  a  Database  Relwiag  fc»  the 
Sy  reran  Use  be  Operations 

There  is  a  need  for  data  to  be  obuioed  from  service 
which  can  be  made  available  to  the  whole  community 
involved  io  aircraft  design.  assessment  and  operation. 
The  capability  to  provide  the  necessary  information 
exists  and  so  handk  the  ireabasc  that  results.  T2e  Group 
recommend  that  a  atr.  working  group  could  usefully 
address  the  prJdkit,  with  a  view  to  providing  the 
owestary  deasbos:  This  new  greet?  would  need  the 
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services  of  experts  in  operational  use.  design.  and  •  Develop  an  'aggrtssiveoess*  rating  system  to 
information  system*  technolog)'.  The  objective  would  be  parallel  Cooper-Harper, 

to  recommend  ways  of  achieving  z  datebwe  of  use  to  all 

discipline;  involved  in  the  design  and  procurement  of  5)  Erabtoh  the  Influences  ouAwarenesa  of 
Operationally  Agile  aircraft.  High  Kate  a>  A  Acceleration  Maneenvtes. 


3)  The  Tactical  Meanis*  af  Agility  Metrics 
needs  to  be  Established 

Work  needs  to  be  undertaken  to  establish  the  tactical 
meaning  of  agility  metric  results,  sack  that  the  value  of 
Operational  Agility  studies  can  be  quickly  estaNithcri 
and  the  resulting  deaigss  be  shown  to  be  mere  effective 
iu  a  manner  which  fits  the  needs  of  tbe  operators  and 
purchasers. 

4)  Additional  Studies  Required. 

Further  studies  are  recommended  in  tbe  following  areas 
before  a  complete  understanding  of  Operational  Agility 
will  b*  quantified:  - 

•  Subsystem  agility  oonocpu  and  the  possible 
metrics  need  to  be  developed  further  with  more 
examples  of  application  of  the  proposed 
structure  to  test  its  fitness. 

•  Develop  mote  rotary  wiag  metrics  compatible 
with  the  Operational  Agility  stiectar 
particularly  for  the  airfisene,  which  currently 
lags  tbs  work  done  in  the  fixed  wing  areas. 

<*  Develop  a  complete  library  of  mission  task 
dements  which  can  be  used  in  the  development 
and  assessment  of  Operational  Agility  for  either 
fixed  or  rotary  wing  vehicles. 

•  As  the  upper  bounds  on  agility  remain  '.0  be 
determined,  there  is  a  need  to  gather  mote 
quickness  parameter  dtta.  At  present,  the 
quickness  parameter  concepts  ate  used  by  tbe 
ruary  wing  community,  but  it  would  appear 
applicable  sod  useful  for  fixed  wing 
applications  as  wdL  It  is  recommended  that 
fimher  wotk  be  done  on  this  coocept  for  fixed 
whig  application 

•  Further  atraiyri*  of  the  relation  of  flying 
qualities  and  vehicle  perfbnEsnce  o  define  tbe 
upper  limits  on  airframe  agility  is  needed, 
particularly  if  aggressive  use  or  tbe  airframe 
causes  the  handing  qualities  to  degrade.  This 
require*  dedicated  evaluation  tasks  where  both 
the  objective*  and  success  criteria  are  clearly 
defined. 


The  efiect  of  high  angular  and  linear  rates  and 
acotltr*'  ns  under  varying  visual  reference:  conditions 
needs  to  be  established  if  agile  airframes  and  cfcsplays 
with  which  the  pilot  can  interface  correctly  are  to  be 
achieved.  The  coooent  here  is  that  what  might  be 
perfectly  acceptable  under  planned  Sight  test  conditions 
will  be  of  little  use  or  even  dangerous  when 
manoeuvring  aggressively  at  maxi  mum  rate  or  rate  of 
change  cf  tny  flight  condition.  particularly  in  a  dynamic 
oonbut  environment.  Use  of  high  rale  manoeuvres  may 
be  particularly  dangerous  under  lest  that  ideal  visual 
conditions  or  when  pilots  are  distracted  by  combat 
demuds. 

0  Ejuhfah  the  Whence  of  Prolonged 
Exposure  to  Sustained  Y  nt  Made  rate  Levels. 

Determination  of  the  relationship  between  sustained 
high  Y  Mow  the  level  erasing  loss  of  conscaxoncss 
and  Iocs  of  situational  awareness.  This  is  a  direct 
oorollary  of  the  previous  recommendation. 

7)  Revise  the  Way  fat  Which  Fatore  Aircraft 
Specifications  are  Written. 

Specifications  should  be  written  to  define  the  functioa  to 
be  achieved,  from  rvirich  tire  level*  of  performance  can 
be  derived  in  coqjtMcti.'«  with  the  ^propriate  trade 
studies.  Each  new  striraate  project  ihouM  be  assessed  in 
its  mnt  rigid  to  establish  which  technologic*  are 
affrrdaWe  or  irievaat  Technology  should  not  be 
included  for  its  own  sake.  No  one  item  should  be 
inviolate,  all  items  in  the  detail  engineering 
specification  should  be  tradable  to  ensure  the  correct 
design  balance  resaKs. 

I)  Adapt  Concurrent  Engineering  Methods. 

A  concurrent  engineering  approach  between  customer 
and  tuppiie.'  will  help  to  ensure  Out  the  necessary 
objectives  are  achieved. 

Achievement  with  respect  to  the 
Objectives: 

A?  its  outset,  the  Group  was  given  a  set  of  eight 
objectives  to  achieve,  if  possible,  as  described  in  tbe 
preface  to  the  foil  rejx.it 
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The  achievements  agaiss  each  of  the  set  objectives  are 
as  follows:- 

!)  To  proride  definitions,  which  are  mm ir entity 
acceptable,  of  the  termmoiogy  mvohed  m  egihty. 

The  Group  has  derived  definitions  that  am  be  applied, 
which  seem  to  make  sense  and  which  ought  to  prose  to 
be  universal  in  their  application.  Hopefully,  provision  of 
the  appropriate  terminology  can  hrip  alleviate  some  of 
the  differences  which  kite  srisen  in  the  past 

2)  To  totals  the  made:  of  lesaosa  learned  from 
experiments  on  agility. 

Currently,  many  of  the  Right  experiments  are  sail 
ongoing  and  the  Group  has  had  limited  access  to  the 
wry  latest  mformatior.  We  haw  been  able  to  use 
information  which  has  been  published,  together  with 
whatever  the  members  haw  been  able  to  bring  to  she 
table.  However,  this  objective  has  not  been  fulfilled 
completely,  but  only  partially. 

3)  Todefht*  metrics  or  figures  of  merit  for  use  in 
design  and  evoUntditm. 

No  new  metrics  haw  been  defined  by  the  Group,  rather 
the  casting  metrics  hate  bees  placed  into  a  unifying 
framework,  which  should  be  sppliciMe  not  only  to  the 
airframe,  but  also  to  the  other  systems  and  subsystems 
which  contribute  to  the  Operational  Agility  or  combat 
effectiveness  of  the  Wei poo  System  This  ebjectiw  has 
been  futfified  to  the  best  of  our  ability. 

f)  To  explore  tmd  decuman  the  theoretical 

fiMniotimx 

The  theoretical  fcur.iuiua  for  airframe  agility  has  been 
explored  and  documented  in  Chapter  7.1  of  the  report. 

3)  T*  expiate  tks  operotload  payoff  of  bofenced 

capobilkiet  between  the  airframe,  systems  tmd 

A  BKthcxWofy  for  oruaplureg  this  ioverjgabm  hoc 
been  popond,  with  examples  showing  Unr  it  might 
afPty  across  t  number  cf  ddfcreo;  systems.  The  need  to 
undertake  studies  early  in  the  design  and  development 
programme  fast  boat  dearly  emaciated  at  a  key  to 
providing  an  Operationally  Agile  Weipon  Svsrea. 

<9  To  highBght  any  specialised  experts 
appHctMe  to  ntarcreft. 


In  undertaking  the  work,  the  synergy  that  has  evolved 
between  fixed  and  rouiv  wing  vehicles  has  been 
marked.  We  have  seen  that  the  two  communities  are 
tending  to  cone  together,  although  there  will  always  be 
marked  deferences.  These  differences  stem  from  the 
differing  functions  that  the  vehicles  perform,  and  the 
imp'icatioes  'hat  this  has  for  the  technology;  involved. 
We  have  learned  from  each  other.  Specific  lessons  from 
each  are  included. 

7)  To  indiern*  possible  means  gf  eveluatien  in 
flight 

Having  rstsHishnd  a  -xthoxfology  for  dealing  with 
Operational  Agility,  the  report  concludes  with  a  Chapter 
on  evaluation.  Our  realisation  is  that  evaluation  has  to 
be  psrt  of  the  process  from  the  efesigu  outset  and  is  not 
purely  a  flight  test  fuuctioo-  Indeed,  evaluation 
methodology  may  influence  the  design  process 
considerably. 

4)  To  recommend  areas  for  farther  roetrch  end 

development  acthities,  indndrng  possible  c eiiaborativr 
prefect*. 

Concluding  Remarks 

Summarising,  the  Group  believes  that  it  has  met  the 
objectives  which  were  set  for  it  with  the  possible 
exception  of  item  2.  relating  to  the  lessons  leaned  from 
experiments  on  agility.  However  the  scope  of  the 
activity  which  has  resulted  has  token  us  into  a  far  wider 
realm  than  the  original  proposal  envisaged  The  major 
consequence  of  this  is  that  a  better  perspective  of  the 
integrated  airframe  acJ  systems  fjs  resulted 

The  Greagfs  view  is  that  the  wuefy  of  Operational  Agility 
is  ia  a  similar  smubon  to  that  seen  by  the  Flying 
Qaditict  community  some  twenty  years  or  mote  apo 
when  fined  with  fly-by-wire,  highly  augmented 
airframes  for  the  firet  tune.  Much  remains  to  be 
aeaxapfobed  before  Operational  Agility  attain*  the 
same  statas  as  Flying  Qualities  currently  has.  However, 
the  benefits  which  shonld  accrue  font  better 
uaderstandmg  of  Operational  Agility  will  encourage  a 
rapid  progression.  In  particular,  when  finds  are 
rr'rided,  it  is  esaenrirj  tkst  that  H  aa  ndxpufe 
undenending  of  where  fundi  are  beat  targeted  for  any 
project  The  Opesatkwtl  Agility  methodology  derived  by 
tfcc  Gr wi  shoald  bn  abk;  to  provide  major  assistance  to 
making  logic*]  decisions. 

This  report  should  enabfe  the  reader  to  sbae  that 
perspective. 
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Finally,  it  it  ooeiidered  that  the  Group  hat  met  the 
objectives  which  were  let  out  foe  it  and  that  thit  report 
minmmw  the  ursdersUndint  which  hat  resulted  from 
the  activities. 

There  is  still  ouch  to  do  and  understand,  particularly 
with  retard  to  interfering  all  of  the  tedtaologiet  which 
can  influence  combat  aircraft  Operational  Agility. 

The  driver  will  remain  effective  combat  aircraft  it  a  cost 
aflordMe  to  the  customer. 
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delating  to  the  activities  performed  by  WG  19  a 
conmoc  area  cl  interest  was  individuated  by 
Acrmaodti,  Alena  and  the  Flight  Test  Center  of  the 
Italian  Air  Force  to  investigate  the  “ppUcatioe  of  the 
agility  cooccpt  to  convcational  aircraft. 

AgiSly  metrics  and  manoeuvres  have  been  developed 
to  evaluate  the  operatkxul  cfTectncoess  of  a  modern 
fibster  in  the  new  combat  scenarios  that  evolved 
following  the  introduction  o'  advanced  technologies. 

Agility  metrics  end  Manoeuvres,  however,  may  be 
effectively  adopted  to  evaluate  also  operational 
effectiveness  of  a  conventional  aircraft  since  tfc-MC 
metrics  have  been  developed  to  reproduce 
synthetically  the  new  operational  scenarios. 

The  AM-X  Ground  Attack  aircrcft  was  hence  chosen 
as  a  testbed  to  verify  the  applicability  of  the  Agility 
concept  to  conventional  aircraft  and  to  assess  the 
possible  benefits  for  operational  training. 

The  research  activity  b  bring  carried  out  by  simulator 
and  flight  tests  to  crop are  simulator  cueing 
effectiveness  against  the  rent  A/C  and  to  investigate 
simulator  effectiveness  for  agility  training. 

Single  axis  agility  manoeuvres  performed  by  simulator 
will  be  validated  through  up-comi.ig  flight  tests. 
Results  t  om  this  activity  will  be  used  to  plan  and 
perform  further  simulation  test  with  complex 
multi-aril  closed  loop  agility  tasks. 

This  activity  proved  that  Agility  metrics  and 
manoeuvres  are  applicable  also  to  conventional  A/C 
as  well,  and  are  effective,  in  evaluating  it  within  a  highly 
dynamic  combat  environment. 


Operational  Agility  may  be  improveJ  with  adequate 
pilot  training  and  simulator  mavbe  used  as  an  effective 
mot  for  it.  Anyway,  particular  attention  must  be  paid 
to  the  definition  of  the  training  prop  am  to  overcome 
shortcomings  of  the  simulator  cueing  system. 


SYMBOLS 

a., 

Longitudinal  stick  deflection 

Late-al  sridk  deflection 

Pedal  deflection 

6. 

Elevator  deflection 

a. 

Stabilizer  deflection 

6. 

Aileron  deflection 

a.. 

Spoiler  deflection 

Or 

Rudder  deflection 

a 

Angie  of  atta.-k 

Y 

Dive  angle 

3 

Pitch  attitude 

V 

Pitch  rate 

♦ 

Roll  attitude 

P 

Rot!  rate 

r 

Yaw  rate 

P 

Sideslip  angle 

V 

Nose  heading  angle 

At 

Mach  Number 

H 

Alt'tudc 

CSU 

Cruise  Flaps 

MAN 

Manoeuvre  Flaps 

AOA 

Angle  of  Attack 

Presented  at  an  AGARD  Meeting  on  Technologies  for  Highly  Manrxu-.rable  Aircraft',  October  1993. 
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C/F  Crosifecd 

A  Parancter  Variation 

u  itmflDiicnoy 

A  process  of  continual  evolution  among  the  aeronautic 
technologies  has  seen  a  gradual  improvement  m 
aircraft  combat  performance,  and,  thanks  to  greater 
integration  of  os-bonrd  systems  and  pilot  interface 
techniques,  an  improvement  in  there  operational 
capabilities. 

Today's  pilots  are  confronted  with  operational 
scenarios  more  and  more  complex,  in  which  they  mast 
administer  each  of  these  systems,  and  at  the  same  time 
take  fid!  advantage  of  the  high  performance  level  of 
each. 

Given  that  the  overall  efficiency  of  the  system  in  the 
scenarios  fc  pot  guarantied  by  the  standards  currently 
used  in  the  design  /  development  phase,  there  arises 
the  need  to  establish  new  criteria  2nd  requirements  in 
order  to  complement  the  existing  ones. 

The  result  was  s  new  body  of  research,  originally 
oriented  toward  the  identification  of  new  criteria  for 
evaluating  the  characteristics  of  advanced  vehicle;, 
namely  controllability  and  manoeuvrability.  and  at 
the  same  time,  for  evaluating  the  degree  to  which  each 
characteristic  contributes  toward  attainment  of  the 
overall  mission  goal  for  which  the  aircraft  was 
designed. 

Under  this  systems  aspect,  researchers  have  had  to 
expand  the  scope  of  these  criteria,  gang  beyond  the 
performance  of  the  airframe  to  include  other  elements 
of  the  weapon  system,  such  as  man-machine  interface, 
engines,  avionics  and  x.mament,  in  order  to  evaluate 
'the  abilitytosdiflacd  respond,  rapidly  and  precisely, 
with  safety  and  pease  to  maximize  the  mission 
effectiveness’,  in  ability  summarized  by  the  term 
Operational  Agltiy. 

The  methodologies  of  evaluation  already  developed, 
which  then  become  design  criteria  as  well,  have  been 
studied  for  eventual  adaptation  and  application 
possibilities  in  (he  design  of  an  advanced  trainer  and 
fighter. 

To  investigate  the  validity  of  this  concept,  a  joint 
research  program  has  been  pat  into  action  using  at  a 
primary  instrument  the  Rs.r>  simulator,  and  flight 
tesu  to  validate  tbc  rescue 


2-0  ORlKmVF.S 

T*e  objectives  of  the  research  program  are  the 
following: 

•  Evaluate  a  conventional  aircraft  against  the  das.  I 
agility  metrics 


•  Verify  the  simulation  validity  for  agility  assessment 

-  Define  the  operational  application  of  the  agility 
manoeuvre*  considered 

-  Quantify  the  uii&y  of  the  manned  simulation  for  agility 
versus  operational  training 


3-S  AIRCRAFT  AMD  TOOLS  DESCK1ETIQN 

Aircraft 

The  AM-X  aircraft  (figure  1)  is  a  subsonic,  single  scat, 
single  engine,  dedicated  attack  aircraft  developed 
within  a  framework  of  a  joint  Italian  and  Brazilian 
programme.  Both  Air-Forces  had  requirements  for  an 
aircraft  whose  primary  mission  would  be  'ground 
support  at  and  just  beyond  the  forward  edge  of  battle* 
supporting  the  land  and  naval  forces  and  having 
capability  to  provide: 

•  close  interdiction 

-  close  air  support 

-  reconnaissance 
aorl  possibility  of: 

•  air  self-defense 

Therefore  the  main  design  aims  were  about  an  aircraft 
capability  to  operate  at  low  altitude  subsonic  speed 
with  the  foSowrng  characteristics: 

•  large  external  store  capability  for  ground  attack 

-  air  to  air  missile  and  gun  for  the  air  defense 

•  low  sweep,  medium  thick  wing  to  adopt  a 
sophisticated  'High  lift  System*  for  adequate 

.  take-off  and  landing  performances. 

■  single  seat,  high  visibility  cock  pa 

-  advanced  avionic  systems  for  navigation  and  weapon 
aiming  with  bead-up 

-  high  turvjvxbtEty  to  continue  tbc  mission  despite 
considerable  battle  damage. 

-  safe  return-home  capability  following  toUl  electrical 
and  hydraulic  failure. 

The  AM-X  flight  oontro!  system  has  been  designed  as 
a  Tail  opa alive*  system  with  a  mechanical  "hack-up'. 
A  fly-by-wire  F.CS.  provides  three  axes  control,  trim 
and  com pcnsal vxi  employing  a  dual-dual  digital 
computer,  in  addition  to  analog  motion  dampers  for 
aft  three  axes.  The  hydraulic  system  is  a  dual-source, 
dual- redundant  throughout.  Normal  fund  toning  is  still 
ensured  after  the  lint  electrical  and/or  bydrauEc 
failure  whereas  after  the  second  electrical  failure  the 
controls  arc  provided  by  hydraulically  insist  cdback-jp 
linkage  on  ailerons  ar.d  elevator.  These  t evert  to 
manual  following  the  second  hydraulic  failure, 
degrading  toe  ftyitg  qualities  10  level  3  for  the 
longitudinal  and  li.cral  stick  forces  in  cruise  as  well  as 
in  landing  (fight  phases. 


Flight  Simulator 

Th;  ALENIA  Fliyhj  simulator  has  played  a  very 
important  rot*,  since  the  very  beginning  in  the 
v'riekpmet.t  of  AM-X  aircraft.  It  continues  to  suppett 
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flight  testing  on  the  instrumented  prototypes  relevant 
to  handling  and  manoeuvrability  of  airuaft 
modifications.  At  the  moment  an  activity  is  in  progress 
to  investigate  ground  attack  capability  with  safety 
indication  for  ground  avoidance  and  several  attack  or 
automatic  guidance  mode. 

Fart  of  an  expanding  simulation  complex,  the  AM-X 
simulator  is  a  fixed  base,  fully  instrumented  cockpit 
with  a  real  'head  up  display'’,,  in  an  inflatable  dome 
with  10m  diameter.  A  'control  loading  system'  is 
available  for  a  quick  change  of  stick  characteristics  and 
a  G-suit,  G-seaf  system  is  available  to  improve  the 
usable  cue  environments. 

After  many  years  of  data  correction  and  mode; 
improvement,  the  simulation  program  has  achieved  a 
high  fidelity  and  reproduced  correctly  the  aircraft 
response  and  performance  both  within  the  flight 
envelope  and  post  stall  region. 


idi _ AGILITY  METRICS  ANDMANOEUVRES 

TESTED 

Even  though  Agility  definitions  and  related  metrics  did 
become  a  quite  large  family  all  of  them  refer  to  the 
optimum  combination  of  quickness  and  precisioi  or, 
similarly,  to  the  combination  ol  manoeuvrability  and 
controllability. 

On  the  basis  of  the  research  work  done  by  AGARD 
WO  19  "Operational  Agility"  Agility  metrics  and 
manoeuvres  have  been  divided  in  the  fallowing  classes 
(see  Rcf.l): 

Transient  metrics:  properly  of  response  that  varies  in 
time 

Experimental  metrics:  small  task  completion 

Operational  metrics:  mission  task  clement  completion 

Among  these,  experimental  metrics  can  be  further 
classified  considering  those  (asks  involving  FRL 
(Fuselage  Reference  Line)  aiming  independently  of 
flight  path  (nose  (minting  agility)  and  those  involving 
flight  path  orientation  (flight  path  agility). 

Test  activity  was  developed  with  the  intent  of  analyze 
A/C  agility  characteristics  initially  on  each  axis 
separately,  then  on  multiple  axis  and  subsequently,  *n 
the  completion  of  a  mission  task  dement.  Hence 
experimental  and  operational  mclricsand  manoeuvres 
have  been  considered. 

-  Single  axis  agility  manoeuvres 
Stoning  from  set  r.p  condition  capture  an  end  state  in 
minimum  time  with  significant  precision  from  an 
operational  stand-point  manoeuvring  the  A/C 
s-oarat  *•  K:s  pitch,  roll  and  yaw  axis. 


-  !  Multiple  axis  agility  manoeuvres 

Starting  from  set  up  condition  capture  an  end  state  in 
minimum  time  with  significant  precision  from  an 
operational  stand-point  manocuvering  the  A/C  on 
more  axis  at  the  same  time. 

For  the  single  axis  tasks,  reported  in  Table  4.1,  the 
metric  adopted  is  the  ",:me  to  capture"  a  state  change 
or  the  time  necessary  to  maintain  an  end  state  within 
specified  tolerances  starting  from  defined  set-np 
conditions.  Doing  so  it  has  been  possible  characterize 
with  a  single  parameter  identify  the  combination  of 
manoeuvrability  and  cont'ollability  of  an  A/C. 


Test  Procedure  and  Data  Reduction 

An  attack  configuration  with  a  medium  weight  and  CG 
position  at  5000  feet  of  altitude  was  considered  being 
representative  of  an  operational  condition. 

The  tested  manoeuvres  are  described  in  figure  2. 

To  complete  the  evaluation  of  both  test  technique 
(agility  manoeuvres)  and  quality  of  the  response,  a 
questionnaire  has  been  prep  ared  which  will  constitute 
part  of  the  pilot  rating  at  the  completion  of  each  set  of 
manoeuvres  (Figure  3). 

The  data  i  eduction  has  beer,  carried  out  evaluating  the 
time-to- capture,  defined  as  the  time  from  the  pilot  first 
input  to  the  instant  when  (he  end  state  control 
parameter  enters  and  icmains  within  a  specified 
tolerance  range  around  target  value  for  a  defined 
length  of  time. 


JRESilLIS 

Pitch  Pointing  Agility 

figure  4  reports  the  results  obtained  with  the  "Pitch 
Angle  Capture"  task  in  terms  of  time  to  achieve  the 
dcs.red  pitch  attitude  angle  change  versus  the  pitch 
attitude  angle  change.  Negative  and  positive  pitch 
attitudes  up  to  60  deg  have  been  achieved  with  a 
push-down  oi  a  pull-up  manoeuvre  from  level  flight 
and  with  several  g-entry.  The  90  deg  pitch  angle 
variation  instead  has  been  achieved  with  a  level  turn 
manoeuvre  anu  the  results  do  not  reflect  the  trend  of 
the  vertical  plane  m-  ’oeuvres. 

Compared  with  ,  nc  actual  production  aircraft 
(Ref, 6)  pitch  pointing  pcriormanccs  were  generally  a 
bit  lower,  but  one  should  keep  in  mind  the  operative 
role  of  the  aircraft  Compared  against  som<- 
experimental  .rcralt,  however,  ihc  parlormaid 
parameters  arc  not  very  different 

Pilot  ratings  between  3  and  5  w-  .-  .■>,  icdtothiskind 
of  task  with  generally  be  .er  comments  given  to 
'manoeuvre  flaps/slats'  than  io  "cruise  flaps/slais" 
setting. 
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Io«pits  of  a  fast  transfect  response,  tl;c  main  problem 
faced  during  the  assessment  was  a  quite  difficult 
capture  of  final  attitude  because  of  micommanded 
pitch  oscillation.  This  problem,  mainly  accentuated 
with  the  “cruise  flaps/slats’  setting,  is  essentially  due 
to  the  sharp  non-linearity  of  the  aerodynamic 
characteristic  CL  versus  Cm  at  high  incidence  values. 
This  phenomenon,  depicted  in  figure  5  -s  classical  for 
a  conventional  aerodynamic  configuration. 

The  flight  test  results  confirmed  the  above  hypothesis 
and  figure  6  shows,  during  a  pull-up  manoeuvre,  an 
uncoramanded  pitch  rate  oscillation  starting  as  AOA 
enters  the  non-linear  region. 

The  best  agility  results  achieved  performing  pitch 
down  manoeuvres  (5C--3 Odeg  on  figure  4) 
confirmed  the  more  linear  aerodynamic 
characteristics  for  negative  incidence. 

The  assessment  highlighted,  for  a  conventional 
aii  craft,  the  dependence  of  pitch  agility  on  AOA 
transient.  Figure  7  shows  different  pitch  agility  results 
for  the  same  task.  The  maximum  agility  performance 
is  reached  when  the  manoeuvre  is  performed  at  AOA 
value  very  near  the  operative  limit. 

For  this  reason,  a  very  aggressive  manoeuvre  doesn’t 
always  yield  the  maximum  pitch  agility.  D"  ir.g  the 
simulation  assessment,  in  the  absence  of  ac  uion 
cues,  the  pilot  tended  to  ma'.:c  abrupt  stick  inp  with 
g-onset  generally  exceeding  15  g's/sec.  A  more  gentle 
manoeuvre  permits  a  better  control  of  the  incidence 
achieving  the  best  performance. 

During  the  AM-X  dcvcli  pment,  to  enhance  the  pitch 
characteristic,  reducing  the  pilot  workload,  an 
automatic  flap  selection  (auto-manocuvrc),  based  on 
pitch  rate  and  incidence  sensed  values,  has  been 
in-flight  tested.  Figure  8  shows  a  comparison  of  the 
same  pitch  manoeuvre  with  and  without  the  control 
device.  Despite  the  low  rate  of  slat  and  flap  actuation, 
a  small  slat  deflection  contributes  to  improved 
response  from  the  very  beginning,  climinatingthc  pilch 
oscillation  and  reducing  buffet  and  lateral 
unsteadiness  associated  with  approaching  the 
maximum  AOA  limits,  thereby  improving  steady-state 
performance. 

Simulation  results  indicate  that  the  auto-manocuvrc 
device  reduces  pitch  pointing  agility  times  by  up  to 
20%. 


Roll  Agility 

Roll  agility  manoeuvres  such  as  level  wing  capture 
from  -90  deg  bank  attitude  (90  deg  bank  variation)  and 
90  deg  bank  capture  from  -90  deg  bank  attitude  (180 
deg  bank  variation)  have  been  assessed  during  the 
simulation  study. 

The  global  pilot  rating  for  this  task  was  2  or  3  at 
medium-high  speed  and  4  at  low  speed. 


Figure  9  shows  the  90  deg  bank  variation  resu' s  in 
terms  of  time  to  capture  ana  maintain  the  dcsircu  bank 
angle  within  a  defined  threshold  as  a  function  of 
g-eatry. 

Wita  a  threshold  of  10  deg  of  bank  attitude  a  large 
results  dispersion  has  been  obtained.  The  poorest 
results  at  the  beginning  cf  the  assessment  were  due  to 
the  low  pilot  training  for  this  specifi;  task. 
Familiarisation  with  the  task  led  to  a  very  good 
performance  very  similar  to  some  actual  production 
aircraft  notoriously  very  agile  for  the  operational  role 
they  cover. 

The  pilot  technique  affects  significantly  the  time  spent 
in  the  acquisition  phase.  If  control  technique  is  applied 
incorrectly  the  global  time  can  double. 

Specific  training  helps  the  pilot,  for  both  low  and  high 
g-entry  manoeuvres,  to  anticipate  the  lateral  stick 
reversal  necessary  to  capture  the  desired  bank  angle. 

Figure  11  shows,  for  the  same  flight  condition,  the 
aircraft  roll  response  and  level  wing  capture  with  two 
different  ..tick  reversal  anticipation. 

Figure  10  demonstrates  the  degree  to  which  proper 
anticipation  of  stick  reversal  can  affect  roll  agility  both 
low  and  high  g-entry.  The  manoeuvre  performed  with 
optimum  stick  reversal  leads  to  a  global  roll  agility 
result  in  line  with  “MIL  Spec,  time  to  bank' 
requirement.  Infact,  providing  adequate  roll  damping, 
the  acquisition  phase  becomes  very  short  compared 
with  to  the  previous  transient  and  steady  state  phases. 

Unlike  the  pitch  agility,  roll  agility  can  be  significantly 
improved  through  adequate  pilot  training. 

Of  course,  if  in  some  region  of  the  flight  envelope,  the 
flying  qualities  degrade  the  above  conclusion  is  not 
guarantied.  At  low  speed  for  example,  the  degradation 
of  latcrai-dircctional  tracking  characteristic  leads  to 
difficult  bank  angle  captures.  The  higher  pilot 
workload  was  the  reason  for  the  worse  pilot  rating. 

Moreover,  at  the  flight  envelope  limit,  beyond  the 80% 
of  the  normal  load  factor  limits,  even  if  no  specification 
is  given  for  the  roll  performances,  from  an  operational 
stand-point  it  is  desirable  to  maintain  a  suitable  lateral 
manoeuvrability  avoiding  the  roll  capability  as  being  a 
limiting  factor  for  the  maximum  angle  of  attack 
allowed. 

In  the  AOA  range  approaching  the  stall,  due  to  a  rapid 
collapse  of  the  lateral-directional  stability  along  with 
a  control  effectiveness  reduction,  the  AM-X  exhibited 
a  lateral  manocuverability  degradation,  with  lateral 
unsteadiness  build-up  and  possible  departure 
condition  if  the  stall  was  aggravated  by  the  lateral 
control. 

Performing  a  roll  manoeuvre  increasing  the  incidence 
angle,  the  deficiencies  were  at  first  evident  is  a  roll 
hesitation  and  then  as  a  roll  reversal. 
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Figure  12  shows  the  in-flight  results  relevant  to  an 
objectionable  situation.  V/ith  a  sustained  full  lateral 
stick,  at  an  angle  of  attack  near  to  the  stall,  a  large 
adverse  sideslip  build-up  gcivratcs  a  roll  ac/eicration 
inversion  with  a  consequent  mil -reversal. 

Predictions  using  the  Wcissman  departure  criteria, 
reported  in  figure  13,  sho'vs  that  the  aircraft,  it;  the 
original  configuration,  exhibited  a  rapid  loss  of  LCDP 
which  becomes  negative  at  a-valucs  tower  than  the 
a -stall  by  a  few  degrees.  Poir.t  I  is  the  correspond!^ 
point  for  the  in-flight  maroeuvre  of  figure  12. 

During  the  AM-X  development,  toenlaigeiheaircraft 
operability,  these  poor  characteristics  have  beep, 
carefully  cammed  undertaking  corrective  a” it  ns 
both  via  aerodynamic  changes  (ventral  strakes)  and  via 
FCS  modifications  (lateral-directional 
interconnecfon). 

To  improve  the  roll  performances  witbh  >his  area,  up 
to  the  stall,  a  roll-to-yaw  inters  in.io  *jnn  has  been 
designed  which  causes  the  rudder  to  be  dcflcctco  as  a 
function  of  the  la'cral  and  longitudinal  stick 
displacement.  The  advantage*  associated  with  this 
solution  are  shown  in  figure  14:  the 
LCDP-t,s-CntlIyt  curve,  in  the  a  range  up  to  the 
stall  moves  toward  the  por'ivc  value  of  LCDP. 

Flight  tests  confirmed  the  predicted  improvement  for 
the  oil  characteristics  up  to  the  stall  angle  as  can  be 
seei  in  the  ’time- histories'  presented  in  figure  15 
related  to  points  II  and  III  on  the  previous  analytical 
criteria.  The  roll  manoeuve  pcrformcd  at  (hea -stall 
(point  11!)  is  still  acceptable,  even  if  the  low  LCDP 
contributes  togencrate  continuous .  oil  rate  oscillation. 

Improvements  in  terms  of  roll  rate  versus  angle  of 
attack  (shown  in  figure  15),  removing  <hc  roll 
departure  conditions,  has  permitted  a  definition  of  a 
safer  permissible  AOA  limits  allowing  the  pilot  to 
concentrate  mots  on  the  battle  field  operations  than 
on  avoiding  the  AOA  limit. 


Flight  Path  Agility 

Figure  16  showt  the  simulation  result.,  in  !ct  ms  ot  time 
to  acquire  the  Normal  load  factor  versus  flight  speed. 
Several  g-entry  conditions  for  pull  up  and  push  down 
manoeuvre  haw  been  tested. 

Only  the  'manoeuvre  flaps/slats*  configuration  has 
been  considered  for  this  task  avoiding  the 
wojcctionablc  pitch  characteristics  which  affect  the 
longitudinal  task  (pitch  pointing  agility)  with 
flaps/slats  up. 

Ever,  when  <hc  task  was  executed  with  the  load  factor 
cue  presented  on  the  H.U.D.  with  sn  alphanumeric 
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formal  with  a  refreshment  frequency  of  10  Hz,  the 
pilot  rating  was  satisfactory  and  within  a  ran6e  from  2 
to  3. 

Results  show  similar  best  lime-to  cap’urc  for  both 
positive  and  negative  load  factor  variations. 

Results  showed  generally  low  dispersion  for  the  pull 
up  manoeuvre.  YLc  high  g  onset,  gt eater  than  10  g/scc 
consent  to  achieve  very  rapidly  the  desired  load  factor, 
while  the  pitch  oscillation  at  high  incidence,  fairly 
small  with  the  manoeuvre  Oap  configuration,  do  not 
affect  the  phase  of  final  precise  acquisition. 

Compered  wi’  h  pull-un  manoeuvre  results,  push-down 
manoeuvre  at  high  speed  showed  a  larger  dispersion. 
This  effect  has  been  attributed  to  the  greater  control 
surface  effectiveness  at  low  incidence,  which  provides 
pitch  down  acceleration  higher  than  at  high  AOA, 
causing  >uad  factor  overshoot  and  increasing  the  pilot 
workload  in  the  acquisition  phase. 

Also  for  this  task  the  results  are  strongly  a'fectcd  by 
pilot  technique  particularly  for  push  down  manoeuvre 
where  the  behaviour  is  less  predictable  and  pilots  take 
longer  to  adapt.  Being  g-Ioad  and  g-unload  the  basic 
of  fight  mar.ocuvering  it  is  hence  possible  to  improve 
agility  and  operational  effectiveness  through  specific 
training. 


Yaw  Pointing  Agility 

Figure  If  shows  the  results,  from  simulation,  of  the 
yaw  pointing  agility  task.  The  time  to  acquire  and 
maintain  5  deg  of  heading  angle  change,  with  no  change 
in  bank  angle,  is  plotted  versus  the  speed. 

A  degradation  from  high  to  low  speed  has  been 
highlighted  with  a  pilot  rating  from  3  lo  5. 

At  low  speed,  the  main  problem  was  the  high  pilot 
workload  to  maintain  wi;>g  level.  Large  lateral  stick 
displacement  was  required  lo  counteract  the  high 
sideslip  build-up,  and  oscillations  increased 
significantly  the  time  to  capture  the  desired  altitude 
change. 

^rom  an  operational  point  of  view,  this  task  would  be 
useful  for  evaluating  fine  taigct  tracking  adjustments 
prior  to  weapon  release. 


£.0 . OPERATIONAL  AfilUTY.  SIMULATION 

.BJES.ULIS 

ConsUering  the  primary  role  of  the  AM-X,  namely 
ground  attack,  some  phases  of  the  final  aoproach :  < 
the  target  have  been  examined  as  a  composition  of 
several  agility  segments  wth  the  final  task  to  achieve 
the  weapon  release  condition  in  the  shortest  time. 
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figure  18  showi  a  possible  approach  to  the  target.  A 
turn  with  almost  -90  deg  bank  in  dive  is  followed  by  a 
roll  manoeuvre  to  level  the  wing  within  a  threshold  of 
+  /- 10  deg  with  a  final  target  acquisition 

Note:  The  threshold  of  +  /-10  deg,  used  in  the  roll 
agility  assessment,  is  the  bank  angle  range  within 
which  the  ground  avoidance  algorithms  are  reliable. 
This  function  provides  the  break-away  cioss  to  be 
displayed  on  the  HUD  indicating  to  the  pilot  the  !ast 
possible  moment  to  initiate  a  pre-defined  pull-up 
manoeuvre  for  the  dive  recovery  maintaining  a  limited 
altitude  margin  from  the  ground. 

The  final  target  acquisition  is  achieved  in  the  last 
weapon  aiming  phase  positioning  the  steering  line  and 
pipper  of  the  'Continuous  Computed  Impact  Point’ 
(CC1P)  on  the  target.  The  'Weapon  Aiming  Display 
Driving'  provides  the  display  of  this  function  on  the 
H.U.D. 

The  global  attack  manoeuvre  can  be  divided  into 
several  agility  segments. 

1  High-g’s  turn  with  90  deg  of  hcadi'  g 
variation 

From  a  5  g-entry  condition  turn  at  7  g’s 
up  to  achieve  90  deg  of  heading 
variation.  With  almost  90  deg  of  bank 
the  manoeuvre  corresponds  to  a  90  deg 
of  pitch  acquisition  on  a  horizontal 
plane. 

2  Unload  from  7  g’s  to  1  g  maintaining  the 
90  deg  of  bank  angle 

3  Roll  manoeuvre  from  -90  deg  to  level 
wing  hi  dive 

This  manoeuvre  is  concluded  when  the 
bank  angle  is  within  the  threshold  of  +  /- 
10  deg 

4  Weapon  aiming  and  release 

This  phase  includes  the  fine  yaw 
pointing,  positioning  the  steering  line  of 
the  CC1P  on  release  window 

5  Pull  up  manoeuvre  at  break-awry  cross 
display,  to  achieved  the  defined  load 
factor  necessary  for  ground  avoidance 


Although  the  last  manoeuvre  us  performed  after  the 
main  objective  of  weapon  release  has  been  completed, 
the  agility  time  to  achieve  the  steady  state  condition  is 
an  important  part  of  the  weapon  delivery  effective  ness. 
For  a  given  margins,  a  faster  time  to  achieve  steady 
stale  load  factor,  permits  a  lower  altitude  where  the 
break-away  cross  appears,  and  a  release  point  closer 
to  the  target. 


The  figure  19  compares  the  results,  in  term  of  agility 
time,  of  the  individual  manoeuvre  segment.  When  final 
weapon  aiming  is  free  from  closed  loop 
pilot/vchicle/display  system  deficiencies,  the  total 
agility  time  to  achieve  weapon  release  window  is  not 
very  different  from  the  sum  of  the  times  for  each 
individual  agility  tasks  presented  in  par.5.  However 
problems  arise  whenever  such  closed-loop  deficiencies 
do  not  permit  easy  tracking  and  prolong  the  total  time 
to  reach  the  weapon  release  window  (Rcf.8) 

Figure  20  shows,  for  several  types  of  bomb,  the 
optimum  weapon  aiming  envelope  in  terms  of  speed, 
altitude  and  dive  angle,  which  were  deemed  necessary 
to  gnarai  *ce  satisfactory  target  tracking,  with 
significant  reduction  of  .he  time  to  achieve  the  weapon 
release  windowand  conscqucmty  the  time  of  exposure 
to  threats. 

Figuie  21  shovs  a  similai  ground  attack  manoeuvre. 
In  this  ease  the  aircraft  starts  from  an  inverted  flight 
(almost  180  deg  bank)  in  climb,  followed  by  a  roll 
manoeuvre  up  to  wing  level  and  a  pusn-down  for  the 
acquisition  of  a  certain  dre  angle . 

This  kind  o;  manoeuvre,  from  an  operational 
stand-point,  is  similar  to  the.  pop-up  manoeuvre  used 
to  pass  over  a  hill  and  roll  in  on  the  target  in  dive. 

The  overall  attack  manoeuvre  can  be  divided  into 
several  agility  segments: 

1  Roil  manoeuvre  from -180  deg  to  wing 
level 

This  manoeuvre  is  concluded  when  the 
bank  angle  is  within  the  threshold  of  +  /• 

10  deg 

2  Push-down  manoeuvre  to  achieved  the 

desired  dive  angle 

3  Weapon  aiming 

4  Pull  up  manoeuvre  at  the  break-away 

cross  display,  to  achieved  the  defined 
load  factor  necessary  for  giound 
avoidance 

At  the  beginning,  operational  pi'ots,  coming  from 
other  ground  attack  aircraft,  were  accustomed  to 
perform  the  first  two  manoeuvre  segments  with  a 
diagonal  stick  command  (Rcr.9).  The  intent  of  the 
rolling  push-down  manoeuvre  was  the  achievement  of 
higher  roll  rate  in  ordei  to  reduce  the  overall  lime  of 
target  acquisition. 

With  the  AM-X  the  large  provers-.  sideslip  build-up 
due  to  pitch -dt  wnprixljccd  very  high  roll  rale  (grcalc. 
than  300  dcg/scc)  reducing  the  lime  to  achieve  the 
wing  level  attitude  but  increasing  significantly  the  pilot 
workload  and  the  time  to SiOp  the  aircraft  at  wing  level. 
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Figure  2.  presents,  from  manned  simulation,  tbe 
time  histories  of  such  a  manoeuvres.  Despite  the 
gc.vl'e  roll,  the  manoeuvre  with  combined  push  down 
does  not  permit  an  easy  bank  control  at  wing  level 
altitude. 

lesome  ease  of  rapid  rolling,  during  the  capture  phase, 
the  high  roll  sensitivity  and  the  large  bank  overshoot 
required  large  lateral  stick  displacement,  causing  a 
very  dangerous  la.eral  ovcrcontrol  considering  the  low 
altitude. 

This  ccmbincd  manoeuvre  was  protubiled  and  a 
specific  "Warning"  introduced  in  the  "Flight  Manual". 

Figure  23  compares  the  total  agility  time  to  achieve, 
from  the  inverted  flight,  the  wing  level  and  30  deg  of 
dive  angle,  perfoi  ming  several  command*  i.i  sequence. 
Performing  roll  followed  by  push  down  manoeuvre  UA 
to  the  best  performance  with  2093  of  time  less  than  a 
pull  down  followed  by  a  roil  arc!  30%  lesr  than  a 
combination  of  roil  and  push  down  manoeuvre. 


ifLXQtmisms 

Tiie  Agility  concepts  were  originally  developed  as  a 
methodology  to  better  evaluate  and  compare  the 
operational  effectiveness  of  advanced  ?ii-lo-air 
fighters.  Nevertheless  (his  on-going  research,  is 
showingthat  agliity  concepts  iraybeeitcctlvelyappUcl 
to  the  evaluation  of  aircraft  of  different  roles,  c.g.  a 
conventional,  ground-attack  aircraft  iike  AM-X. 

The  study  was  supposed  to  he  mainly  conducted  by 
simulation,  with  flight  tests  only  for  validation  of 
results.  Even  though  agility  rcatuieuvcs  tested  v-cre 
of  large  amplitude,  the  lack  of  some  external  -sues 
(g-forre)  did  not  negatively  influenced  pilot  opinion  of 
the  simulator  that  nave  been  well  accepted  for  this  kind 
of  testing. 

Tne  agility  assessment  permitted  to  identify  -omr. 
piAilens  concerning  the  conventional  configuration 
of  tlio  teted  aircraft.  The  agility  tasks  on  the 
longitudinal  plane  pointed  cart  some  deficiencies  for 
large  attitude  acquisition  that  have  been  attributed  'o 
the  strong  aerodynamic  non-linearity  at  high  AOA 
typical  of  the  configuration  tested. 

Due  to  the  low  predictability  of  response  it  would  be 
difficult  to  improve  pitch  agility  tr.rcugh  specific  pilot 
(raining  alone.  An  automatic  tiaps/slats  selection 
device  instead,  permits  c  global  agility  time  reduction 
of  about  20%  with  full  pilot  attention  on  the  battle 
field. 

The  roil  agility  task  highlighted  a  greatet  predictability 
of  response.  An  effective  enhancement  is  expected 
with  adequate  pilot  training  on  the  manoeuvre 
technique. 


The  aqility  manoeuvres  u*cd  revealed  some  fiying 
qualifies  characteristics  quite  interesting  from  an 
opert.ional  point  of  view.  Of  particular  interest  is  the 
fact  that  the  methodology  study  did  permitted  to  assess 
the  performance  of  the  entire  weapon  system,  thus 
including  in  t br.  assessment  the  interaction  of  the  pilot 
with  '.he  sys'em  as  well 

Following  the  operational  assessment,  definition  of  an 
“optimum  weapon  aiming  envelope"  was  deemed 
recesstry  to  improve  overall  weapon  system 
effectiveness,  while  limitation  of  huge  combined  stick 
inputs  during  the  ground  attack  phase,  were 
considered  foi  safety. 

Future  test  activity  planned  is  the  simulation  of  more 
complex  cgiiity  n.anocu'vcs  up  to  the  completion  of 
mission  task  elements  and  flight  test  l  rials  10  validate 
the  simulation  results. 

The  objective  of  this  part  of  activity  will  be  to  optimize 
the  operational  application  of  the  aircraft  illowing  to 
draw  guidelines  for  a.i  impioved  operational  pilot 
iiair.ing. 


REFrU-SNCES 

Rtf.l  "Operational  Agility",  AGARD  WO  19,  July 

6  :>93 

Pcf.2  "Qualitative  and  Quantitative  Comparison 
of  Government  and  Industry  Metrics", 
Journal  of  Aircraft,  March  1990,  Bitten 

Ref  3  "Aircraft  Agilny  the  Science  of  t!  r 

Opportunities",  Paper  AIAA  39-2015, 
M.Doro 

Rcf.4  "Agility  a*  a  Contribution  to  Design 

Balance",  Papei  AlA  \  90-1305,  A-Skow 

Refi5  Parametric  Effect  of  Some  Aircraft 

Components  on  High-Alpha  Aerodynamic 
Characteristics",  AGARD  CP ....  Visintini, 
Fertile,  Mentasri, 

Rcf.6  "Fliglit  Testing  for  Aircraft  Agility"  P.rte* 
A1AA-90-13O8-CP,  S.L.Sutts,  A.R.La"  '\v, 

Rcf.7  "Relationships  Betveen  Agility  Metrics  cod 

Flyiiv^.  Qualifies",  Paper  AIAA  90-1003, 
D.R.Riley,  M.H.  Drajeske 

Refill  'Flying  Qualities  Experience  wth  the  AM-X 
Aircraft",  AGARD  CK508,  R.Oava 

Ref. 9  "AM-X  Flight  Simulator,  From  Enginirceng 

Tool  to  Training  Device",  A.GARD  CP.513, 
AArmando,  P.CastoIdi,  F.Fassi 


Pig.l  -  AH-X  Three  View 


PITCH  ANGLE  CAPTURE 

oocenrc 

a  wkx.  occr  a»s  mo  i  awgue  aa©  statute  at  n  c  t  amget 
rnaiAMX£MLM«A(nMC 

fXJGIfTTiyTIf.aMOUC 

■  V#<0  LEVEL  TtCI  MGUC 

•  T7*M  AT  TARGET  AJKS»*tXD  MO  tUTTUCC 

•  ruu.  targct  load  r Acton  to  ao  »cvt  dc»cd  at  mu  ,c  ciiangc 

•  iicti> wrOfu-t ».tvw©o*y 

b  VS**}rW*IDTICJWauC 

•  AO KV€SCTU»LGAD FACTOR W UCVt?  1UM 

•  UPC* RTACJ IHQ mXCTIWJKO IAKXW* DANK TOOT »- S' 

•  p^iwcaiDAonincftio/ac^c^rc:'oo»aiaiAWGc 

•  iiao  ftrcnuj  rcwmflN  *.rwf*xw 

DANK  ANGLE  CAPTURE 

COJiCTTVC 

a  IANG£  mow  A  IW*XD  CONUfTlON  AND  SWJUJL  AT  TADGCT 
tV^  AKGLE  7i  UMMUU  TSJC  UANfAJNWG  TAJCCT  LOAD  FACT 0(1 

V*m  1 A  TACTICALLY  3GW7CANT  U.MXCT  PYF.CdCH 

ntcirr  test  tixjmquc 

*  StADAWt  AUCVEL  IL»W  AT  MIW.  CCXXUX! 

♦  acibm:  steady  ortWK 

*  nouto  »«r  ((n(ovnrtfK>b>r)MO(ONau>orACiO(i 

•  ICU)  «ffT(or]av«(ront-ttncVVin*4  f.rVMNDOW 

_ :  LOAD  FACTOR  CAPTURE 

COJCCTTC 

a  iamg£  iruo  r act  on  Hr  a/©  stai  imr  at  t«c  7/nct7 

H  UNMUW  TWC  wn»l  A  TACTICALLY  UiyMXW  ITVCL 

crncc&CH 

•l  MNO  LCVtL  TIO  NOUC 

*  aci«;v€  sou*  A»at  to.  alt  truer  v^noADrACion 

*  UAL  (FUSl  $  TO  AO  tOJZ  DCSZCD 1 GAO  f  ACT  On  O  UNfiC 

*  irxDNfront-t  kcmiim  »  jqwtcxt* 

b  vwo  bat*id  it  a  mcjljc 

*  SCfTAflGTfVttO  #  IOKTSAT  TARGCT  AM  «*W}i 
trtVLHi  4  &J.HAUMJI  TUW 

*  non.  to  so*  t  &*  (w* 

*  U’fiN  fCAQ  ©A  OT 1WA  AO  KX  (XSf  CO  Hi 

*  IKXDH/rOntMC.  ••  5g  OAM<W  1 

LEVEL  YAW 

oaxetra 

ACi  K.VE  1 CADT4G  O  W«1C  W  STEADY  HXUJ1  YrfTl 1 
**©S  U.VU  M  UNOJIJU  TALC 

rucm  test  nar«xc 

*  STADUff  AT*ffTW.CON[ynO«3 

*  wy  » ua  tuwn  pedal  race  aw  ikxd  c***cs  ucvti) 

*  no*  d  1  tAc*<a  a  i»j  rv;  ren  i  >  2  »x  vmi  u  t**r>z  ir.tL 

Fig. 2  -  Single  Axle  Agility  Monoouvres  Tested 
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Fig. 3  -  Pilot  Rating  Queationnaire 


Fig. 6  -  In-Flight  T«*t:  Large  longitudinal  Manoeuvre 
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Fig. 7  -  KaximuK  Pitch  Agility  for  a  Convai.tional  A/C 


Fig.*  -  In-Flight  Toat:  Autoaatlc  flapa/Glats  Solcction 
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rig. 12  -  In-Flight  Test:  Unconaandeh  Roll  Reversal  at  High  AOA 
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Fig. 13  -  Objectionable  Roll  Characteristics  Prediction 
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Inprovoaent  of  Roll  Characteristics  with  Corrective  Act  lorn 
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Fig. IS  -  Roll  Perforeance/Agility  Isprovasent  Versus  AOA 


Fig. 16  -  Flight  Path  Agility  Results:  Load  Pcctcr  Capture 
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Fig. 17  -  Yav  ?oiflCiryj  Agility  Rssults 


rig. 18  -  Topics’  Ground  Attack  Kanoeuvr* 
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Fig.  19  -  Comparison  of  t.*ie  Agility  Time  of  Several  Manoeuvre  Segment 
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Fig. 20  -  Optimum  He  pon  Aiming  Envolope 


TYPICAL  GROUKJ  ATTACK  MANOEUVRE 


Fig. 21  -  Typical  Ground  Attack  Manoeuvre 
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Task 

S  Agility  Metric  j 

Nose  Pointing 

Flight  Path 

Pilch  Angle  Capture 

Time  to  capture 

AO 

Eank  Angle  Capture 

Time  to  capture 

At 

Load  Factor  Capture 

Time  to  capture 

A/Ve 

L*.vel  Yaw 

Time  to  capture 

AY 

—  ■  *  <9 

Tab.  C.l  -  Single  Axis  Agility  Tasks 
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1.  SUMMARY 

Advances  in  aircraft  technology  have  allowed  the 
construction  of  fighters  which  cart  easily  exceed  the  pilot's 
capability  to  react  and  to  sustain  G  forces.  Advances  in 
avionics  have  allowed  these  airframes  to  be  fitted  with 
sensors,  weapons,  and  data  processors  to  the  point  that  the 
workload  associated  with  mission  accomplishment  some¬ 
times  exceeds  the  pilot's  capabilities.  Consequently,  some 
aircraft  capabilities  are  rarely  used  due  to  lack  of 
familiarity.  These  developments  highlight  the  fact  that  the 
ability  of  (he  aircraft  to  fulfill  its  mission  is  dependent 
upon  the  pilot's  utilizing  its  capabilities  as  an  integrated 
weapon  system.  Pilots,  like  airframes,  have  operational 
envelopes  ano  expanding  the  pilot's  envelope  allows  fuller 
exploitation  of  the  airframe's  envelope  and  the  avionics 
capabilities.  The  nature  of  the  pilot's  envelope  is  presented 
along  with  attributes  of  a  pilot  interface  which  support 
expansion  of  the  pilot's  envelope. 

L  INTRODUCTION 

Air-to-air  combat  began  in  World  War  I  with  men  who 
Oev  in  open  cockpits.  There  earlier  fighter  pilots  achieved 
ther  victories  with  air  sense,  sharp  eyes,  quick  reflexes  and 
gun  sights.  Victory  in  a  first- generation  fighter  was  often 
moic  a  function  of  pilot  skill  and  surprise  rather  than 
aircraft  maneuverability.  During  World  War  11.  high 
maneuverability  was  often  achieved  by  reducing  overall 
aircraft  weight  through  reductions  in  armor  protection. 
Ultimately,  U  proved  easier  to  repkee  less  maneuverable 
aircraft  which  returned  their  pilots  than  to  repltcc  the  pilots 
of  more  maneuverable  aircraft  which  were  lost. 

Avionics  began  influencing  air-to-air  combat  during  the 
Korean  conflict  and  changed  the  maneuverability  equation 
during  the  Vietnam  conflict.  It  was  thought  that  radar  and 
missiles  mean'  an  end  to  dogfight  style  air-to-air  combat. 
This  thought  was  proven  wrong  and  maneuverability 
without  sacrificing  pilot  survivability  became  a  major 
thrust  to  the  years  since  Vietnam,  avionics  have 
undergone  revolutionary  advances  on  a  teak,  that  rivals  the 
advances  in  fighter  maneuverability.  Achieving  a  victory 
today  requires  the  ability  to  use  the  electronic  aids  to  gain 
better  situation  awareness  while  simultaneously  exploiting 
a  large  maneuverability  envelope. 

While  the  tedr. jiogks  of  .-ur-to-sir  combat  have  advanc'd, 
today’s  pitot  remains  unchanged  from  the  pilots  who  tisw 


biplanes.  As  a  result,  today's  fighter  cockpit  often 
demands  more  attention  than  many  pilots  can  provide 
during  time  critical  situations  as  evidenced  by  reports  of 
high  workload  and  task  saturation.  Pilot's,  like  an  airframe, 
have  an  operational  envelope.  Like  an  airframe,  demands 
which  place  the  pilot  outside  of  his  envelope  result  in  loss 
of  performance.  The  next  major  advance  in 
maneuverability  needs  to  be  in  the  pilot's  ability  to  use 
tactically  the  capabilities  provided:  that  is.  to  ktep  die  pilot 
within  his  enve'ope.  To  do  this,  man-machine  interface 
technology  must  be  developed  to  enable  the  pilot  t 
integrate  flight  maneuver  and  tactical  avionics  into 
situation  awareness. 

3.  DEFINING  THE  PILOT’S  ENVELOPE 
Humans  have  amazing  plasticity  but  they  do  have  limits. 
These  limits  define  the  human  envelope.  Placing  pilots 
outside  of  the  human  envelops  may  cause  a  degradation  in 
performance  similar  to  exceeding  an  operational  flight 
envelope.  Also,  some  rxet  tsive  conditions  may  cause 
cessation  of  performance  not  unlike  exceeding  a  structural 
flight  envelope.  One  example  of  exceeding  human  limits 
is  G  (the  force  of  gravity)  induced  loss  of  conscious 
(GLOC).  Sustained  or  excessive  Gs  will  cause  loss  of 
consciousness. 

This  paper  ccwiders  Use  pilot's  envelope  as  laving  three 
primary  components,  physiological,  environmental,  and 
auentlonal  demand.  Categorization  of  the  pilot's  envelope 
into  three  components  is  a  simplification  of  a  complex 
topic  which  remains  the  subject  of  ongoing  research.  The 
lack  of  agreement  as  to  how  pilot  physiology/  psychology 
and  crew  performance  interact  and  influence  each  other 
makes  quantitative  statemems  about  the  pilot's  envelope 
risky:  however,  qualitative  statements  about  the  envelope 
can  be  drawn  and  are  quite  useful  to  the  engineering 
community.  Each  of  the  three  primary  components  of  the 
pilot's  envelope  is  briefly  defined  iu  the  following  section 

3.1  Physiological  Limit* 

Physiological  limits  are  the  best  understood  of  the  primary 
components  of  the  human  envtiopc.  These  limits  arc 
comprised  of  five  factors,  G.  temperature,  vibration,  noise, 
and  fatigue.  The  first  four  farters  are  imposed  upon  die 
plot,  die  last,  fatigue,  is  the  product  of  the  fust  four.  In 
totaJ,  these  five  factors  determine  uie  pilot's  physiological 
limit. 
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When  tbe  body  subjected  to  positive  G  forces  over  time, 
blood  drains  from  tbe  beau  to  the  chest,  /is  blood  flow 
reduce.*,  brain  functions  diminish.  Tbe  first  noticeable 
symptom  tends  to  be  reduction  in  visual  field,  ih:  so-called 
gray-out.  !f  conditions  continue,  black-out  occurs.  Gloss 
of  consciousness  (GL.OC)  tends  to  occur  with  rapid  onset 
of  6  Gi  but  can  occur  at  levels  as  low  as  4  G  if  onset  is 
unexpected.  The  US  Air  Force  and  US  Navy  have 
reported  that  as  many  as  12%  of  tbclr  aviators  have 
experienced  GLOC*.  Besides  strict  black-outs,  extended 
periods  of  functional  incapacitation  follow  GLOC. 
Straining  maneuvers,  anti-G  suits,  and  inclined  scats  are 
used  typically  to  ameliorate  tbe  effects  of  G.  Normative 
curves  for  G  tolerance  can  be  generated  and  these  curves 
are  relatively  consisted  in  thcii  re«ponse  to  other  variables. 

Extremes  of  temperature  limit  iife  and  performance.  At 
high  or  low  temperatures  tbe  body  is  unable  to  cool  or  heat 
itself  and  unconsciousness  occurs.  The  performance 
envelope  temperature  range  is  much  mote  restricted  than 
the  pure  survival  temperature  envelope.  Deep  body 
temperalurc  increases  of  only  4'F  can  cause  performance 
decrements  after  only  30  minutes2.  Ambient  effective 
temperatures  of  35'  -  90'F  can  drive  the  deep  body 
temperature  up  by  the  .4'F  needed  for  performance 
decrements.  Severe  environments  up  to  1 15‘F  cause  more 
extensive  decrements  in  shorter  tune  periods.  Normative 
cuives  for  temperature  tolerance  can  ce  generated  and 
these  curves  are  relatively  insensitive  to  other  variables. 
Most  aircraft  are  built  to  specifications  that  control  and 
limit  the  range  of  allowable  temperatures;  however,  the 
impact  of  protective  ensembles  has  not  yet  been  adequately 
addressed. 

Vibration  reduces  the  pilot's  ability  to  read  displays  and 
maps,  to  make  fine  motor  movements  (using  hand 
controllers  and  pushing  buttons),  and  to  concentrate  on 
secondary  tasks.  Fatigue  is  dramatically  affected  by 
prolonged  vibration  exposure.  Most  aircraft  arc  built  to 
specifications  that  limit  the  amount  o!  vibration 

Noise  in  the  cockpit  interferes  with  communications  and 
can.  over  time,  result  in  fatigue  and  general  perlormancc 
decremerts.  Most  aircraft  are  built  to  specifications  that 
limit  tbe  amount  of  noise  in  the  cockpit.  The  focus  in  this 
area  is  now  turning  to  the  issue  of  speech  intelligibility  as 
opposed  to  that  of  noise  level. 

Perry^  defined  fauguc  as  "those  changes  that  affect  an 
individual  consequent  upon  continued  activity.  The 
changes  are  typically  a  deterioration  in  tbe  aviator's 
performance,  or  an  increased  cost  or  effort  for  a  given  level 
of  performance,  and  characteristic  ■  *  ecuve  feelings  thal 
may  include  irritability,  terseness,  mental  sluggishness, 
tiredness  and  lack  cf  energy  The  exact  pattern  of  effects 
will  depend  on  whether  the  task  is  physical  or  mental  and 
on  the  motivation  cf  the  aviator,"  He  further  states  that 


"The  main  changes  in  performance  due  to  skill  faligue  etui 
be  summarized  as: 

(ai  A  deterioration  in  the  accuracy  of  timing  ol  the 
components  of  the  skilled  task  with  a 
consequent  decrease  in  the  level  of  skill. 

(b)  The  pilot  accepts  lower  standards  of  accuracy  and 

performance  on  his  own  part  without  an 
appreciation  that  he  is  doing  so. 

(c)  A  disintegraiion  of  the  perceptual  field  so  that  the 

readings  from  individual  instruments  are  no 
longer  integrated  into  an  overall  jiattem. 

(d)  A  nanowing  of  the  pilot’s  range  of  attention  so 

thal  some  instruments  or  tasks  (particularly  the 
peripheral  ones)  are  forgotten  or  ignored." 

Fatigue  is  influenced  by  a  variety  of  factors  many  ol 
which  are  external  to  tbe  aircraft  Aircraft  related  causes  of 
fatigue  are  temperature,  vibration  and  noise.  Fatigue  is 
variable  and  almost  impossible  to  estimate.  No  accepted 
curves  relate  fatigue  to  performance  because  the 
measurement  of  fatigue  is  uncertain  and  performance  is 
dependent  upon  the  specifics  of  a  single  task.  In  aviation, 
the  tasks  are  constantly  changing  but  in  general  higher 
fatigue  levels  lead  to  higher  error  rates  and  reduced 
concentration.  Despite  resistance  to  quantification,  fatigue 
limits  die  pact's  ability  to  perform  and  must  be  considered. 

32  Environmental  Modifiers 
The  second  primary  component  defining  me  pilot's 
envelope  is  environmental  modifiers.  This  paper  includes 
vision,  sontrots  and  displays,  and  training  as  environmental 
modifiers.  While  these  are  arbitrary  selections,  they 
represent  major  drivers  ol  performance. 

The  ability  to  see  the  world  defines  the  amount  of 
maneuverability  the  pilot  is  willing  to  use.  Design 
standards  spcci;/  die  minimum  out-the-window  vision 
retirements.  Airframe  obstructions  and/or  reduced  visual 
cues  (night,  night  sensors,  obscurants,  or  clouds)  increase 
tbs  effort  and  concentration  required  to  control  the  aircraft 
through  increased  dependence  upon  instruments  or  stability 
augmentation  (i.e.  forcing  the  aircraft  to  be  less 
maneuverable). 

The  controls  and  displays  used  in  the  cockpit  influence  the 
difficulty  of  maintaining  flight  control  and  using  avionics. 
Displays  which  are  not  sunlight  readable  or  are  not 
compatible  with  night  vision  devices  dramatically  increase 
workload  and  timelines.  Controls  which  are  poorly  placed, 
difficult  to  grasp  or  manipulate  distract  from  situation 
awareness  and  (light  control  or  can  induce  disorientation. 
Generally,  the  more  difficult  the  interface  the  greater  the 
impact  upon  performance,  but  the  specific  impart  of  an 
interface  component  is  difficult  to  quantify 
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The  degree  sod  currency  of  training  are  major  contributor! 
to  performance  in  complex  task!  sucb  as  flying  bigbly 
maneuverable  aircraft.  '(Wning  has  long  been  recognized 
as  a  fundamental  determinant  of  air-to-air  combat  outcome. 

3.3  Attention*!  Demand 

This  paper  uses  the  term  attentions]  demand  to  describe 
genetically  the  higher  level  cognitive  functions  involved  in 
the  concept  of  pilot  intent.  These  are  the  elements  that 
distinguish  the  pilot  from  a  reflexive  automaton.  Elements 
of  attentional  demand  include  perception,  situation 
awareness,  decision  making,  and  task  execution. 

Perception  in  this  context  is  defined  as,  "What  is  happening 
around  taeV  It  is  more  than  noting  objects  and  events  that 
are  happening  around  the  pilot.  The  raw  events  must  be 
formed  into  a  model  that  correlates  and  describes  current 
activities  and  forms  (he  basis  for  predictions  about  future 
events.  For  example,  noting  a  return  moving  on  a  radar 
display  leads  -  the  perception  of  die  likely  flight  path  of 
that  aircraft,  e  traditional  radar  format  displays  the  nose 
of  the  aircraft  along  the  bottom  of  the  display.  Aircraft 
which  will  cross  in  front  of  ownship  nose  appear  to  be 
beading  towards  the  center  of  the  display  while  those  on  a 
collision  course  appear  to  be  beading  straight  down  the 
side  of  the  display.  The  crew  must  cognitively  re-map  the 
viewed  data  in  order  to  achieve  a  correct  perception.  In 
this  context,  perception  is  used  to  describe  a  process  that  is 
more  than  just  sensing. 

Determining  what  (be  perceived  situation  means  to  the 
pilot  and  bis  mission  is  often  referred  to  as  building 
situation  awareness.  In  this  sense,  situation  awareness  is 
used  to  describe  knowing  what  the  perceived  events  mean 
or  imply  for  future  events.  Seeing  multiple  radar  blips  in 
different  places  which  time  correlate  with  the  expectation 
of  movement  leads  to  the  perception  of  an  aircraft  on  a 
certain  flight  path  which,  in  turn,  leads  to  the  situatioo 
awareness  that  an  attack  opportunity  may  exist.  Few 
metrics  exist  to  measure  situation  awareness  and  no 
quantitative  relationship  between  performance  and 
situation  awareness  has  been  widely  accreted. 

Once  the  pilot  believes  that  he  understands  what  is 
happening  around  him  (situation  awareness),  he  must 
create  alternative  plans  and  select  the  plan  that  best 
supports  mission  goals  and  intents.  Wrong  decisions  can 
lead  to  disastrous  consequences.  Decision  making  is 
heavily  influenced  by  situation  awareness,  perception,  and 
training.  Some  people  are  better  decision  makers  than 
others.  As  is  the  case  in  situation  awareness,  no  metrics 
exist  to  measure  decision  making  and  no  quantitative 
relalioosbip  between  performance  and  decision  making  has 
been  accepted. 

After  deciding  upon  a  plan  of  action,  pilots  have  to 
implement  the  plan.  In  simple  situations  this  may  merely 
be  flight  control  input.  In  more  complex  situations,  the 
pilots  may  have  to  change  avionics  or  weapon  system 
mode  settings.  Often  the  processes  of  perception,  situation 


awareness,  and  decision  making  may  require  additional 
information.  This  requires  the  pilots  to  get  the  information 
and  return  to  the  task  of  perceiving,  building  situation 
awareness,  or  decision  making.  In  many  cases,  tne 
decision  may  have  serious  affects  on  the  pilot's 
environment  which  could  include  future  survival. 
Employment  of  weapons  or  assessment  of  bad  weather 
landing  conditions  are  examples  of  decision  which  should 
be  supposed  hy  unambiguous  information  but,  in  reality, 
often  are  not  Anytime  pilots  must  execute  a  task,  they 
must  remember  the  trained  procedure.  Tbe  more  difficult 
the  task,  the  greater  the  memory  and  training  burden. 
Usually  the  more  difficult  tasks  take  longer  and  are  more 
disruptive  to  other  demanding  tasks.  Once  again,  the 
human  ability  to  cope  with  task  execution  is  not 
quantifiable  nor  can  specific  guidelines  be  generated  from 
generic  knowledge. 

4.  EXPANDING  THE  PILOT'S  ENVELOPE 
Tbe  physiological  limits  for  humans  are  well  known  and 
have  been  incorporated  into  specifications  and  technical 
data.  Accommodation  of  the  pilot's  physiological  envelope 
is,  for  the  most  part,  a  weight  and  cost  trade-off  and  will 
no:  be  discussed  in  this  paper.  The  same  is  bas>r.  true 
of  tbe  environmental  modifiers  discussed  . ...  The 
primary  component  of  attentional  demand,  Lo  vr  .  ,  is  not 
covered  by  a  tidy  body  of  knowledge  that  allow,  us  to  pick 
a  performance  level  and  derive  bow  much  is  required.  For 
instance,  so  design  standard  addresses  tbe  question  of  bow 
much  attentional  demand  a  task  is  allowed.  Tbe  advent  of 
computerized,  "glass  cockpits"  offers  ibe  opportunity  to 
expand  tbe  pilot's  envelope  by  employing  a  pilot-vehicle 
interface  design  that  transfers  some  of  the  attentional 
demand  tasks  to  automation  and  make  task  execution 
simpler.  Tbe  climb/dive  marker  found  in  most  HUDs  is  an 
example  Of  automation  expanding  tbr  pilot's  perception 
envelope  because  it  tells  the  pilot  at  a  glance  where  the 
aircraft's  flight  path  is  in  relation  to  the  world  rather  than 
forcing  die  crew  to  monitor  the  flight  path  continuously. 
Providing  aircraft  location,  flight  path,  and  target  data  on  a 
displayed  map  is  an  example  of  expanding  the  pilot's 
situation  awareness  by  automating  tbe  development  o!  a 
plan  view  of  the  mission.  Hands  on  grip  controls  are 
examples  of  an  expansion  of  the  pilot's  (ask  execution 
envelope.  However,  meteiy  adding  sensors  and 
informatics  does  not  automatically  expand  the  pilot’s 
envelope;  it  may  shrink  the  envelope  through  overload  or 
confusion. 

The  key  to  expanding  the  pilot's  envelope  is  to  design  an 
interface  that  reduces  the  amount  of  time  and  energy  the 
pilot  spends  on  acquiring  information  and  executing 
decisions.  This  provides  more  time  to  dunk  about  the 
dccissras  being  made.  This  kind  of  interface  is  the  product 
of  a  design  program  that  systematically  explores  the 
problems  of  perception,  situation  awareness,  decision 
making,  and  task  execution  and  develops  an  overt, 
conscious  model  of  the  pilot  interface.  This  model  can 
specify  automation  and  specific  control/display 
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implementation!  to  achieve  an  expanded  pilot's 
performance  envelope. 

Expanding  the  pilot's  performance  envelope  is  not 
generally  recognized  as  a  problem  to  be  wotted  in  the 
same  sente  as  increased  turn  rate  or  load  factor.  Most 
programs  allocate  little  resources  specifically  to  the  pilot- 
vehicle  interface.  Often  this  situation  results  from  an 
inability  to  anRsIstt  wbat  constitutes  an  envelope 
expanding  interface  and  a  failure  to  allocate  direct 
responsibility  for  designing  the  interface.  Tbe  result  is  a 
restriction  of  the  pilot's  performance  envelope  that  limits  or 
negates  efforts  to  field  a  highly  maneuverable  aircraft.  Tbe 
following  sections  identify  specific  attributes  that  an 
interface  must  have  to  reduce  tbe  workload  and  increase 
situational  awareness  (ie.  expand  the  pilot's  envelope.) 

4.1  Information  Display 

Pilots  form  and  maintain  multiple  views  of  their  worlds. 
The  most  obvious  ooe  is  tbe  ’ego"  view  which  represents 
tbe  world  as  seen  through  their  own  eyes.  This  view  is 
used  in  conjunction  with  'air  sense'  to  fly  the  aircraft  and 
understand  the  external  situation,  /mother  common  view 
is  the  plan  or  horizontal  situation  view.  This  view  is  used 
to  understand  where  the  pibx  is  in  the  world  and  where 
geographical  locations  are  in  relationship  to  current  aircraft 
position.  This  view  is  commonly  used  for  navigation  and 
route  planning.  Another  view  is  tbe  'sensor"  view.  This  is 
a  view  of  tbe  world  as  seen  by  one  or  more  sensors  such  as 
rada.'  or  forward  looking  infra-red  (FUR).  Pilots  switch 
from  view  to  view  depending  upon  the  current  task.  This 
switching  of  views  is  normal  and  the  situation  awareness 
generated  in  one  view  should  be  supported  in  other  views. 
For  instance,  once  the  pilot  switches  to  a  plan  view  and 
decides  where  tc  wishes  to  fly  next,  be  switches  back  to  an 
ego  view  to  fly  the  aircraft  to  that  position  Tbe  location 
decided  upon  in  the  plan  view  should  be  represented  in  tbe 
ego  view  to  connect  and  support  the  two  types  of  situation 
awareness.  This  can  be  done  by  using  a  contact  analog 
symbol  in  the  ego  view  to  pinpoint  tbe  location  from  tbe 
plan  view. 

Information  needed  to  support  decision  making  and 
situational  awareness  should  be  clustered  together.  Often 
information  needed  to  form  situational  awareness  is 
distributed  across  an  interface,  located  in  a  menu  structure 
dictated  by  tbe  subsystems  design.  This  forces  the  crew  to 
spend  significant  time  and  energy  navigating  the  menu 
structure  and  shopping  for  information.  One-stop  shopping 
can  be  achieved  if  all  tbe  data  for  situational  awareness  or 
decision  making  are  brought  to  a  centralized  display 
location  in  a  manner  that  is  quickly  interpreted  relative  to 
tbe  mission,  phase,  segment,  or  task  being  performed. 

Often  displays  provide  data  from  which  the  crew  must 
deduce  or  construct  answers.  Displays  should  provide 
information  in  an  appropriate  format  compatible  with  the 
information  demands  of  the  crew.  In  simpler  terms,  if  the 
question  is  bow  much  fuel  is  remaining,  then  a  good 


answer  is  provided  by  a  digital  display  of  pounds  of  fuel 
remaining;  vowever,  if  tbe  question  is  bow  tong  until 
flameout,  then  t  better  answer  is  X  minutes  (because 
displaying  fuel  remaining  assumes  that  tbe  pilot  will  divide 
by  consumption  rate  to  obtain  time  remaining.)  Careful 
task  analysis  may  reveal  that  data  must  be  presented  in  a 
variety  of  formats  to  support  all  information  demands. 

4.2  Control  of  Options 

More  options  do  not  always  make  for  a  happier  pilot.  As 
processing  power  on-board  tbe  aircraft  increases,  the  ways 
in  which  sensors  can  be  programmed  and  data  viewed 
increases.  Too  many  options  result  in  pilots  spending  more 
time  and  energy  setting  up  tasks  than  available.  Multiple 
options  also  incur  excessive  training  costs  as  pilots  attempt 
to  become  proficient  operating  all  of  tbs  various  modes. 
Whenever  possible,  designers  should  limit  tbe  number  of 
options  to  those  essential  to  the  mission  requirements. 

As  with  display  attributes,  coatrots  should  be  clustered 
together  to  prevent  the  pilot  from  navigating  the  menu 
structure  to  find  the  oa/nff  or  adjustment  options.  All 
information  required  for  tasks  should  be  located  together 
and  all  controls  for  those  tasks  also  should  be  located 
together. 

Pilots  should  not  be  required  to  set  a  senes  of  switches  in  a 
particular  position  and  sequence  to  perform  a  desired 
function.  To  set  up  a  function,  they  should  be  provided 
with  a  switch  that  activates  the  system  and  the  set  up  tasks 
should  be  automated.  There  should  never  be  an  error 
message  to  tell  the  pilot  that  something  was  not  set 
correctly.  As  long  as  the  function  docs  not  involve  safety 
of  flignt,  system  safety,  or  a  device  which  must  by  its 
nature  have  a  direct  interface  with  the  pilot,  then  the 
interface  should  do  tbe  setup;  not  the  pilot. 

Incorrect  switch  choices  (ie.  those  whose  order  or  setting 
does  not  apply)  should  not  be  presented.  If  an  o(>tion  does 
not  apply  then  the  control  for  it  should  not  be  presented. 
Tbe  pilot  cannot  throw  the  wrong  switch  if  the  switch  is 
not  available.  If  the  functi.m  is  normally  provided,  but  is 
not  available  because  of  fault,  then  the  switch  should 
indicate  non-functionality  by  "X'ing"  through  or  striking 
over  the  label. 

4  J  Organization  of  Information  and  Controls 
Organization  of  information  and  controls  needs  to  be 
planned  carefully.  A  good  menu  structure  and  display 
formal  are  not  necessarily  based  upon  subsystem  functions. 
Previously  mentioned  attributes  of  clustering  may  require 
that  subsystem  boundaries  be  ignored.  In  fact,  information 
or  controls  may  need  to  appear  in  a  variety  of  places  to 
support  decision  making  or  execution  in  a  timely  manner. 
Good  organization  is  based  upon  a  human  factors 
engineering  task  analysis.  Optimum  organization  usually 
is  not  achieved  on  the  first  try.  Therefore,  design 
iterations,  using  man-m-the-loop  simulation  evaluations, 
are  required  to  refine  the  organization. 
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The  ocgaaizatiou  of  display  pages  and  the  menu  structure 
should  be  bitted  on  the  concept  of  function.  This  concept 
states  that  a  function  is  a  set  of  activities  that  must  he 
pc. formed  by  the  pilot  to  complete  a  portion  of  t'e 
mission  segment.  An  example  of  a  function  might  b: 
Detea  Target.  This  function  might  include  tasks  like 
pointing  o  sensor  or  changing  the  radar  mode.  Required 
information  and  controls  for  all  of  tbc  displays  and  sensors 
needed  to  detea  a  target  should  fee  in  close  proximity  in 
tbc  menu  structure.  Obviously,  all  data  ctmnot  be  provided 
all  of  the  time.  Data  that  are  commonly  used,  aru 
frequently  cross-checked,  ot  may  be  time  critical  should  be 
readily  available.  However,  other  data  may  be  used 
occasionally  for  decision  making  or  situational  awareness. 
These  data  should  be  iKarby  in  the  menu  structure. 

There  is  no  reason  why  information,  controls,  and  options 
cannot  be  segregated  into  groups  that  functionally 
represent  maintenance,  setup,  normal  operations,  training, 
and  tactical  applications.  These  functions  should  be  placed 
in  distant  comers  of  the  menu  structure.  Single  high-level 
mode  selection  should  cause  large  segments  of  the  menu 
structure  to  disappear  from  consideration.  Selecting  a 
'tactical’  mode  should  enable  the  pilot  to  see  and  access 
only  data  and  controls  relevant  to  tbc  tactical  situation. 
This  is  one  means  of  effectively  Tillering*  options  and 
information  tv  better  organization 

4-4  Menu  Attributes 

Consistency  is  the  biggest  ally  of  the  pilot  while  su>p.ise  is 
the  biggest  enemy.  Tbc  designer  may  be  tempted  to  invent 
a  new  way  to  enter/display  dala  or  control  a  device.  This 
might  allow  the  absolute  maximum  efficiency  of 
keystrokes  and  display  usage,  but  it  places  a  burden  upon 
pilots  if  they  must  ictnember  bow  to  operate  each  method. 
Adding  a  few  more  keystrokes  for  consistency  reduces 
pilot  workload  and  increases  pilot  acceptance  of  the 
system.  In  time  critical  situations  pilots  will  avoid  systems 
that  they  do  not  know  bow  to  operate.  Pilots  will  also 
avoid  automation  if  it  requires  significant  setup  or  option 
selection  work. 

Controls  in  a  glass  cockpit  often  take  the  form  of  bezel 
switches  with  displayed  labels.  A  twitch  may  turn 
something  on  or  off.  may  select  from  a  number  of  options, 
a  may  take  the  crew  to  another  menu  of  options.  The 
displayed  labels  should  have  a  number  of  attributes.  First, 
labels  should  indicate  function.  Foe  example,  the  label 
'MODE'  could  be  used  to  indicate  that  the  switch  is 
associated  with  control  of  a  mode.  Second,  the  current 
status  of  tbc  function  should  be  displayed.  For  e  sample, 
tbc  word  ’AUTO"  may  be  displayed  next  to  the  label 
’MODE’  so  that  the  pilot  knows  that  ibe  current  mode  is 
automatic.  Third,  the  menu  result  of  selecting  a  switch 
should  be  indicated.  For  example,  the  MODE  switch  may 
toggle  between  manual  and  automatic  or  may  call  a 
submenu  of  selection  options.  Pilots  should  not  be 
required  to  remember  wbai  each  switch  will  do  if  they 
po  u  it.  In  the  example  above,  a  ”b”  symbol  could  be 


added  to  form  the  label  "MODE  AUTO'b*  thus  indicating 
transition  to  a  tower  level  menu.  If  a  simple  toggle 
between  automatic  and  manual  were  desired  the  label 
might  look  like  "MODE  AUTO  ♦**“.  Indicating  to  the 
pilots  where  be  will  go  within  the  menu  structure  is 
analogous  to  putting  up  street  signs  at  road  intersections. 
In  both  cases  a  navigation  task  ts  made  easier  by 
transferring  the  mapping  task  from  memory  to  reading. 
The  labeling  takes  the  guesswork  out  of  the  task  and 
reduces  (be  workload  of  the  pilot 

The  switch  labels  and  status  indicators  should  be  m  the 
language  of  the  pilot  not  the  engineer  who  designed  the 
system.  The  best  situation  is  when  pilots  realize  they  need 
to  do  ’X"  and  they  look  iroond  and  find  a  key  labeled  "X" 
They  should  cot  have  to  translate  their  view  of  the  world 
into  engineering  language  in  order  to  work  through  a  menu 
or  to  select  correct  options. 

Data  and  tasks  should  be  arranged  so  that  :be  more  detailed 
data  and  tasks  are  deeper  in  the  menus  Pilots  should  not 
be  forced  to  the  bottom  of  a  metre  *i to  find  high-level 
data  nor  should  basic  untrols  be  at  the  bottom  of  the 
menu.  lit  first  menu  encountered  should  have  most  of  the 
necessary  quick  glance  data  arid  controls. 

4J  System  Attributes 

In  the  world  of  pilots,  many  tasks  are  interrupted  to  do 
higher  priority  tasks.  The  system  should  be  designed  so 
that  interrupting  tasks  can  be  enteted  easily  and  quickly 
Also,  it  should  be  simple  to  return  to  the  interrupted  lasso. 

Often  subsystem  capabilities  are  iesigned  by  a  single 
vendor.  It  is  easy  to  overlook  the  fact  that  other  oa-boani 
subsystems  may  have  data  or  processing  capability  which 
could  be  brought  to  bear  upon  system  level  problems.  No 
one  subsystem  provides  total  situation  awareness.  By 
recognizing  the  strengths  and  weaknesses  of  the  various 
subsystems  and  by  allocating  processing  resources  to 
integrate  data  from  various  subsystems,  good  situation 
awareness  and  low  workload  can  be  achieved. 

5.  AN  EXPANDED  ENVELOPE ENHANCES 
AIRCRAFT  MANEUVERABILITY 
The  process  of  developing  an  expanded  pilot's  envelope  is 
mature  and  the  benefits  are  substantial.  Generally 
speaking,  the  pilot-interface  and  the  derived  hardware 
requirements  must  be  ready  early  in  tbc  development  of  an 
aircraft.  This  requires  up-front  investments,  sometimes 
even  prior  to  the  development  go-ahead.  The  question  is. 
bow  do  you  justify  this  early  investment?  Tbc  answer  is 
that  aircraft  are  purpose  built  to  satisfy  specific  mission 
requirements  but  pilots  must  be  trained  to  use  the  aircraft 
If  the  pilots  can  use  only  a  portion  of  the  capabilities  then 
the  mission  requirements  will  go  unsatisfied  and  the  effort 
expended  upon  the  airframe  and  avionics  will  have  limned 
return. 
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Fbr  example.  If  pUou  do  nr*  realize  (hat  (bey  thould 
change  (heir  (light  path  or  are  10  buay  with  avionics  that 
they  do  not  tee  the  develops  situation,  then  high 
maneuverability  will  not  help  the'  pilot  survive  and  win. 
On  the  other  hand,  if  pilots  know  that  their  current  flight 
pith  ends  with  ground  impact,  they  can  alter  their  flight 
path  immediate1  y  or  they  have  the  liberty  to  decide  to 
cortimie  until  the  final  moment  that  the  maneuver 
envelope  allows  escape.  This  kind  of  synergism  between 
situation  awareness  and  maneuver  envelope  allows 
maximum  flexibility  in  an  air  combat  environment. 
Likewise,  if  pilots  understand  the  intent  of  a  threat  but 
have  to  change  coctrol  setting;  in  a  complicated  and  time 
consuming  manner,  then  they  may  not  be  able  to  take 
advantage  of  a  position  gained  through  high 
maneuverability.  On  tbe  other  h«rd,  simple  and  direct 
meaxs  of  changing  configutatioos  may  allow  tactical 
advantage  without  arduous  maneuvering. 

Tbe  pilot's  problem  is  how  to  achieve  and  maintain  tactical 
advantage.  Achieving  tactical  advantage  requires  that 
pilots  be  aware  of  (he  total  situxdoa  and  be  able  to 
respood.  One  part  of  tbe  answer  is  a  highly  maneuverable 
aircraft  Another  part  of  tbe  answer  is  n  pilot-vehicle 
interface  that  allows  fast  assimilation  of  information  and 
simple  control  procedures.  The  computer  revolution  and 
modern  interface  design  methods  provides  (be  opportunity 
to  achieve  the  required  blend  of  man,  airframe,  weapons, 
and  avionics. 
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1.  SUMMARY 

Flying  Qualities  standards  are  formally  set  to  ensure  safe 
flight  anti  therefore  to  reflect  minimum,  .ether  thin  optimum, 
requirements.  Agility  is  a  flying  quality  but  relates  to 
operations  at  high,  if  not  maximum,  performance.  While  the 
quality  metrics  and  test  procedures  for  fiy  ing.  as  covered  for 
example  in  M1L-STD-I797  cr  ABS33.  may  provide  an 
adequate  structure  to  encompass  agility,  they  do  not  cuirently 
address  flight  at  high  performance.  A  current  concern  in  both 
the  fixed-  and  roury-wing  communities  is  the  absence  of 
substantiated  agility  criteria  and  the  possible  conflicts 
between  flying  qualities  ajd  high  performance -i  e.,  more 
may  not  always  be  better.  This  Pigser  addresses  these 
concerns  and  suggests  an  agility  factor  that  quantifies 
performance  margins  in  flying  qualities  terms.  1  he  attitude 
quickness,  from  the  latest  rotary-wing  handling  requirements, 
provides  an  ideal  sgility  measure  and  links  handling  with 
agility.  A  new  parameter,  based  on  manoeuvre  acceleration, 
is  introduced  as  a  potential  candidate  for  defining  upper  limits 
to  flying  qualities.  These  concepts  are  introduced  within  • 
framework  aimed  at  unifying  flying  qualities  and 
performance  requirements.  Finally,  a  probabilistic  analysis  of 
pilot  handling  qualities  ratings  is  presented  that  suggests  a 
powerful  relationship  between  inherent  ai.'arne  flying 
qualities  and  operational  agility. 

2.  INTRODUCTION 

In  current  military  requirements,  good  flying  qualities  are 
conferred  to  ensure  that  safe  flight  is  guaranteed  throughout 
the  Operational  Right  Envelope  (OFE).  Goodness,  oi 
quality,  in  flying  can  be  measured  on  a  scale  spanning  threi 
levels,  as  defined  by  Cooper  and  Harper.1  Aircraft  are 
normally  required  to  be  Level  1  throughout  the  operational 
flight  envelope.1-5  Level  2  is  acceptable  in  failed  and 
emergency  situations.  Level  3  is  considered  unacceptable. 
The  achievement  of  Level  i  signifies  that  a  minimum- 
required  standard  has  been  met  or  exceeded  in  design  and  can 
be  expected  to  be  achieved  regularly  in  operational  use, 
measured  in  terms  of  task  performance  and  pilot  workload 


Compliance  flight  testing  involves  clinical  measurements  of 
flying  qualities  parameters  for  which  good  values  are  known 
from  ex  pen  cnee.  It  also  involves  the  performance  of  pilw-;n- 
the-loop  mission  task  elements  (MTE)  along  with  the 
acquisition  of  subjective  comments  and  pilot  ratings.  The 
ct.iphasis  on  minimum  requirements  is  impo,tant  and  is  made 
to  ensure  that  manufacturers  arc  no:  unduly  constrained  when 
conducting  their  design  trade  studies. 

Two  issues  arise  out  of  this  quality  scale  and  assessment 
First  the  minimum  requirements  reflect  and  exercise  only 
moderate  levels  of  the  dynamic  operational  flight  envelope, 
lather  than  high  or  extreme  levels.  Second,  the  assessments 
are  usually  mac.-  in  “clean"  condltio.ts,  uncluttered  by 
secondary  tasks,  degraded  visual  cues,  or  the  stress  of  real 
combat  Beyond  the  minimum  quality  levels  there  remains 
the  question  of  the  value  of  good  flying  qualities  to  the 
overall  mission  effectiveness.  For  example,  how  much  mote 
effective  is  an  aircraft  that  has,  say,  double  the  minimum 
required  (Level  1)  roll  control  power?  More  generally,  how 
much  more  mission-effective  is  a  Level  I  than  a  Level  2 
aircraft  when,  for  example,  the  pilot  is  stressed?  A  thin! 
question  asks  whether  there  are  any  upper  limits  to  the  flying 
qualities  parameters,  making  quality  boundaries  closed 
contours.  The  answers  to  these  questions  cannot  generally  be 
found  in  flying  qualities  criteria  like  ADS  J3  (Ref.  2)  or  MIL- 
STD- 1797  ( ’.ef.  3).  At  higher  performance  levels,  very  little 
data  are  available  on  flying  qualities  and,  consequently,  there 
are  very  few  defined  upper  limits  on railing  parameters. 

Regular  and  safe,  or  carefree,  use  of  high  levels  of  transient 
perforr.rmce  has  come  to  be  synonymous  with  agility  The 
relationship  between  flying  qualiues  and  agility  is  important 
because  it  potentially  quantifies  the  value  of  flying  qualiues 
to  operational  effectiveness. 

Thu  paper  addresses  those  flying  qualities  'at  are  important 
for  agility,  in  both  an  enabling  and  limiting  context,  ir.d 
considers  how  far  existing  flying  qualities  requirements  go.  or 


•  • 


& 


Presented  at  an  ACARD  Meeting  on  Technu 'ogles  for  Highly  StenotuvraMe  Aircraft',  October  IV9X 


•  • 


23-2 


Rgore  1.  Th»  Coopar-Harpor  Handling  Oustltie*  Rating  ScaW 


can  be  extended,  to  embrace  agility  itself.  The  a  wees  ate 
developed  within  a  framework  of  deterministic  flying 
qualities  criteria  coupled  with  the  probabilistic  analysis  of 
success  and  failure. 

The  definition  of  flying  qualities  by  Cooper  &  Harper 
pros  ides  a  convenient  starting  point: 

those  qualities  o.  characteristics  of  an  aircraft  that  govern 
the  ease  and  precision  with  which  a  pilot  is  able  to  perfoim 
tnc  tasks  required  in  svppotl  of  an  aircraft  role. ' 

The  pilot  subjective  ralir.g  scale  and  associated  flying 
qualities  levels  as  introduced  by  Co^er  A  i t«rp-rr  (Figure  I) 
will  be  used  in  this  paper  in  the  families  context  of  quality 
discernment  and  will  be  developed  to  make  the  link  with 
agility  and  mission  effectiveness. 

Flying  "Quality"  can  be  further  interpreted  as  the  tymr^y 
between  the  internal  allntn'is  of  the  air  vehicle  and  the 
txUrnal  enrlronKtm  in  which  it  operates  (Figure  2).  The 
internals  consist  typically  of  the  air  vehicle  (airframe, 
powerplan:  and  flight  control  system)  response  characteristics 
to  pilot  inputs  (handling  qualities)  and  disturbances  hide 
qualities)  and  the  key  elements  at  the  pilot/vehicle  interface, 
c  g..  cockpit  controls  and  displays.  The  key  factors  in  the 
external  environment  which  influence  the  (lying  qualities 
requirements  are: 

i)  the  mission,  including  individual  mission  task  dements 
(MTF.)  and  the  requited  levels  of  ask  urgency  and 
divided  attention  dictated  by  the  circumstances 
governing  individual  situations,  e.g..  threat  levd,  and 


li)  the  externa!  natural  environment,  including  :he  usable 
cue  environment  (UCE)2  and  level  of  atmospheric 
disturbance. 

Flying  qualities,  as  seen  by  the  pile:  whr  is  ultimately  the 
judge  of  quality,  therefore  change  as  the  external  world 
changes— with,  for  example,  weather  conditions,  flight  path 
constraints,  and  oilier  task  demands.  Mission-oriented  flying 
qualities  requirements,  like  those  for  fixed-wing  aircraft, 
MIL-STD-1797,  but  more  particularly  like  those  for 
helicopters.  ADS33C,  uy  to  set  quality  standards  by 
addressing  the  synergy  of  these  Internal  attributes  and 
external  factors. 

In  a  hierarchical  manner,  ADS33C  defines  the  response  types 
required  to  achieve  level  1  or  2  handling  qualities  for  a  wide 
variety  of  different  mission  task  neats,  in  different  usable 
cue  environments  for  normal  and  —,.ed  states,  with  full  and 
divided  pilot  s  ten  lien.  At  a  deeper  level,  the  response 
characteristics  r,e  broken  down  in  terms  of  amplitude  and 
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frequency  range,  irom  <he  small  amplitude,  higher-frequency 
requirements  set  by  criteria  like  equivalent  low  order  system 
response  or  bandwidth,  to  the  large-amplitude  manoeuvre 
requirements  set  by  control  power 

MIL-STD-1797  taka  a  somewhat  different  perspective,  with 
flight  phases  and  aircraft  categories,  but  the  basic  message  is 
the  same — how  to  establish  flying  quality.  With  these 
developments  now  mature,  one  would  expect  that  any 
“special''  flying  characteristics,  like  agility,  cc-ild  be 
embraced  by  the  flying  qualitira  requirements,  cr  at  least  that 
the  flying  qualities  criteria  should  be  an  appropriate  format 
and  starling  point  for  quantifying  agil'ty  A  key  question  then 
visa  as  to  whether  there  need  be  upper  boundarira  on 
handling  parameters  or  whev.er  more  is  always  oettes. 
Furthermore,  it  may  well  be  that  the  handling  parameters  and 
associated  quality  boundaries  set  for  minimum  safety 
standards  are  inappropriate  for  high  performance  levels  and 
that  new  formats  are  required.  These  am  primsiv  concerns  of 
this  Paper. 

The  Paper  considers  both  fixed-  and  rotary-wing  aircraft  in  a 
unified  approach.  While  speed  and  manoeuvre  envelopes  and 
associated  limits  for  aeroplanes  and  helicopters  are  quite 
different,  often  paradoxically  so,  they  share  the  essence  of 
agility  and  operational  effectiveness.  Interestingly,  agility 
requirements  for  the  two  vehicle  types  hav:  traditionally 
stemmed  from  two  quite  different  theatres:  close  combat  of 
air-superiority  fighters  in  the  open  skies,  contrasting  with 
stealth  of  anti-armour  helicopters  ic  the  nap  of  the  earth. 
While  both  still  feature  large  in  th.  two  worlds,  it  is  new 
recognised  that  there  is  a  broad  overlap  n  agility 
requirements,  and  their  is  relevance  to  a  wider  range  of  roles. 
Including  aircraft  recovering  to  ships,  transport  refueling, 
support  helicopters  delivering  loads  into  restricted  areas,  and, 
more  recently,  helicopters  performing  air-to-air  combat. 

ACARD  Working  Group  19  (in  AGARD  Advisory  Report 
AR3i4)  has  considered  operational  agility  in  the  broader 
context  of  the  total  weapon  system,  encompassing  sensors, 
mission  systems,  pilot  airframc/cngine.  flight  control  system, 
and  weapon.  Tr.e  concept  is  that  the  total  system  can  only  be 
as  agile  as  the  slowest  cicmcnt  and  that  all  elements  need  tc 
work  concurrently  to  be  effective. 

This  Paper  focuses  or.  rhe  vehicle  and  the  pilot-centered 
agility  requirements  of  the  airframe,  engine,  and  flight  control 
system  elements.  The  nature  of  operational  agility  is 
discussed,  with  an  outline  of  some  of  the  Working  Group  19 
background  and  nuatjvaUoa  setting  the  scene  for  the  later 
discussions  cf  the  relationship  between  flying  qualitira  and 
agility.  Three  key  innovations  of  this  F  ipcc  are  contained 
.ture.  First,  the  agility  factor  is  introduced  and  related  to 
quantitative  handling  criteria.  Second,  the  attitude  quickness 
parameter*  is  interpreted  as  an  agility  parameter  and  extended 
to  the  acceleration  response.  Ftrwlly,  the  subjective  quality 
scale  (Cooper  Harper)  for  pilot-perceived  handling  qualitira  is 
interpreted  in  a  probabilistic  fashion  to  indicate  the  likelihood 
of  mission  success  or  failure  with  a  given  level  of  flying 
qualities.  Essentially,  recognition  is  given  to  the  fac1  that 
aircraft  that  are,  say.  level  1  "on  paper"  will  experience 
level  2  and  3  situations  in  their  operational  life.  e.g.,  through 
poor  usable  cue  environments  (UCE)  and  associated  weather 
conditions,  failed  systems,  or  pilot  fatigue.  This  novel 
interpretation  of  the  handling  quality  ratings  suggest:  a  new 


approach  for  including  flying  qualitira  attributes  in  combat 
models,  wh;ch  are  also  d'seussed. 

3.  THE  NATURE  OF  OPERATIONAL  AGILITY 
Operational  agility  is  a  key  attribute  for  weapon  system 
effectiveness.  Within  the  broader  context  of  the  total  weapon 
system,  the  Mission  Task  naturally  extends  to  include  the 
actions  of  the  different  co-operating  (and  non-co-cperatir-g) 
sub-systems,  each  hav:ng  its  own  associated  time  delay/  We 
can  iitiagine,  for  example,  the  sequence  of  actions  for  an  tit- 
to-air  engagement:  threat  detection,  engagement,  combat,  and 
disengagement.  The  pilot  initiates  the  action  and  stays  in 
command  throughout,  bu;  a  key  to  operational  agility  is  to 
automate  the  integration  of  the  subsystems — the  sensors, 
mission  systems,  airframe/enginc/control  system:  and 
weapon  -to  maximise  the  concurrency  in  the  process. 

Concurrency  is  one  of  the  keys  to  Operational  Agility 
Another  key  relates  to  minimising  the  time  delays  of  the 
subsys-ems  to  reach  full  operational  capability  and  hence 
effectiveness  in  the  MTE  Extensions  to  the  MTE  concept 
are  required  that  encompass  the  functions  and  operations  of 
the  subsystems,  providing  an  approach  to  assessing  system 
operational  agility.  Working  Group  19  has  addressed  these 
issues  elsewhere.  Minimising  time  delays  is  cracial  for  the 
airframe,  but  flying  qualities  can  suffer  if  the  accelerations 
are  too  high  or  the  time  constants  too  short,  leading  to  j  nky 
motion. 

Laler  in  this  paper  we  examine  how  well  existing  flying 
qualities  requirements  address  agility.  To  set  the  xerx  for 
this,  we  first  consider  one  generalised  definition  of  jgrlr/y 
adopted  by  Working  Group  19: 

the  ability  to  adapt  and  respond  rap.dly  and  precisely  with 
safety  and  with  poire,  to  maximise  mission  effectiveness. 

Agility  requirements  fer  both  fixed  and  rotary-wing  combat 
aircraft  fall  imo  four  icy  mission  phases: 

i)  stealthy  flying— in  particular,  terrain — masked,  to 
avoid  detection, 

b)  threat  avoidance  once  detected, 

c)  the  primary  mission  engagement  (e.g .  threat  engage¬ 
ment),  and 

d)  recovery  and  launch  from  confined  nr  otherwise 
demanding  areas. 

The  key  attributes  of  airframe  agility,  as  contained  in  the 
above  definition,  are: 

i)  rapid — emphasizing  speed  cf  response,  including  both 
transient  and  steady-state  phases  in  the  manoeuvre 
change  The  pilot  is  concerned  to  complete  the 
manoeuvre  change  in  th eshertesi  possible  lime,  what  is 
possible  will  be  Iwunded  by  a  number  of  different 
adjects. 

it)  precise — accuracy  is  the  driver  here,  with  the 
motivation  that  the  greater  the  tare  precision— ug , 
precision  of  pointing,  achievabilily  of  flight  path— the 
greater  the  chance  of  a  successful  oiricome.  (The 
combination  of  speed  and  precision  emphasizes  '.be 
special  nature  of  agility,  one  would  normally  conduct  a 
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process  slowly  to  achieve  precision,  but  agility  requires 
both.) 

iii)  sefery—  this  reflects  the  need  to  reduce  piloting 
workload,  making  the  flying  easier  and  freeing  the  pilot 
from  unnecessary  concerns  relating  to  safety  of  flight, 
e.g.,  respecting  flight  envelope  limits. 

iv)  poire — this  reluct  to  the  ability  of  the  pilot  to  establish 
new  steady-state  condition^  quickly  and  to  te  frcr  to 
attend  to  the  next  task.  It  relates  to  precision  in  the  last 
moments  of  the  manoeuvre  change  but  is  also  a  key 
driver  for  ride  qualities  that  enhance  steadiness  in  the 
presence  cf  disturbances.  (Poise  can  be  thought  of  as 
an  efficiency  factor,  or  measure  of  the  unused  potential 
energy,  much  like  the  agility  factor  itself). 

v)  adapt — the  special  emphasis  here  relates  to  the 
requirements  on  the  pilot  and  aircraft  systems  to  be 
continuously  updating  awareness  of  the  operational 
situation.  The  possibility  of  rapid  changes  in  the 
external  factors  discussed  above  (e.g,  threats,  UCE, 
wind  shear/vonex  wakes)  or  the  internals,  through 
failed  or  damaged  systems,  makes  it  important  that 
agility  is  considered,  not  just  in  relation  to  set-piece 
manoeuvres  and  classical  engagements,  but  also  for 
initial  conditions  of  low  energy  and/or  high 
vulnerability  or  uncertainty. 

Fl-ing  qualities  requirements  address  some  of  the  agility 
attributes  implicitly — through  the  use  of  the  handling 
qualities  ratings  (HQR’s).  that  relate  the  pilot  workload  to 
task  performance  achieved — and  explicitly— through  criteria 
on  response  performance,  e.g..  control  power,  bandwiddi. 
stability,  ere.  The  relationship  is  more  firmly  established  with 
the  agility  metric  classification  introduced  by  Rcif  in  the 
AGARD  AR  314  report,  and  reproduced  below. 

Tranattm — defined  as  a  continuously  varying  property  of 
the  response 

Laptnmtnlc! — defined  as  a  compound  property  derived 
from  an  elemental  manoeuvre 

Operational — defined  as  a  compound  property  derived 
from  a  complete  mission-task-elemcnt 

A  transient  metric  would  reflect  the  instantaneous  values  of 
the  time  and  spatial  variations  of  the  aircraft's  motion,  eg, 

roll  rale,  acceleration  (agility  vector) .  Experimental 

metrics  ere  comoutcd  from  the  kinematics  of  a  small 
manoeuvre  slice,  c  f...  attitude  quickness,  power  onsct/loss 
rate  torsional  metrics, ....  The  operational  metrics  reflect  the 
agility  of  the  aircraft  in  well  defined  mission  task  elements, 
eg.  time  to  complete  air-to-air  acquisition  and  tracking 
helicopter  re-positioning  sidestep  tasks, ..  .  In  the  following 
section,  where  possible  this  classification  structure  will  be 
mapped  onto  flying  qualities  metrics. 

4.  FLYING  QUALITIES — THE  RELATIONSHIP 

WITH  AGILITY 

4.1.  Fiaed-Wleg  Perspectives 

One  of  the  fundamentals  that  Working  Group  19  promoted  is 
that  flying  qualities  and  airframe  agility  are  outgrowths  ."rom 
the  same  attribute  branch,  but  recent  studies  have  identified  a 
potential  conflict  The  original  concern  sprang  from  the 


notion  that  flying  qualities  specifications,  as  guardians  of 
transient  response,  shoutd  embrace  agility,  since  it  too  resides 
by  definition  in  the  transient  domain.  Initial  though  on  this 
theme  appeared  in  References  5  and  6.  Reference  5  indicated 
the  interactions  between  agility,  operational  capability,  and 
flying  qualities,  and  listed  seme  of  the  flying  qualities 
requirements  that,  because  of  their  tteatment  of  the  transient 
response,  clearly  crossed  into  the  realm  of  agility. 

At  that  time,  it  was  hypothesized  Ihii  simply  increasing  the 
available  agility,  in  terms  of  accelerations,  rates  rtr ,  would 
lead  to  diminishing  operational  returns,  since  an  over- 
responsive  vehicle  would  not  be  controllable.  That  point  was 
considered  worth  making  because  some  combat  analyses  were 
being  performed  using  computer  tools  that  approximated  the 
transient  response  only  in  ?  gross  fashion.  These  models 
resulted  in  aircraft  which  had  unquestionably  high 
performance  but  did  "rot  account  for  the  interaction  of  the 
vehicle  with  the  pilot.  Also,  due  to  the  approximations  made 
in  the  interests  of  cemputational  tractakility,  the  models  did 
not  obey  the  laws  of  motion  in  their  transient  responses.  In 
Reference  6,  the  Control  Anticipation  Parameter  (CAP),  from 
the  USAF  Flying  Qualities  requttements,^  was  quoted  as  an 
example  of  a  criterion  defining  over-responsiveness,  since  an 
upper  limit  is  specified  for  it.  Artificially  high  pitch  agility 
could,  according  to  CAP.  correspond  to  excessive  pitch 
acceleration  relative  to  the  normal  load  factor  capability  of 
the  aircraft.  Performance  constraints  are  also  suggested  by 
the  tentative  upper  limits  set  on  pitch  bandwidth  in 
Reference  3.  However,  it  is  suspected  that  these  limits  reflect 
the  adverse  acceleration  effects  and  control  sensitivity 
problems  associated  with  high  bandwidth/control  power 
combinations.  This  point  will  be  revisited  later. 

At  about  the  same  time.  Riley  ct  al.7-®-9  began  a  senes  of 
experiments  on  fighter  agility  In  Reference  7.  they 
emphasized  that  the  idea  of  an  operationally  useful  vehicle 
with  a  rating  worse  than  I  revel  2  was  inconsistent  with  the 
definition  of  thr  categories  in  the  Ccoper-Haipcr  pilot  rating 
scale.  And  ic  trevel  3.  the  operational  effectiveness  of  the 
vehicle  is  com  promised,  so  increasing  performance  would 
add  little  as  the  pilot  could  not  use  it  safely  In  References  7, 
8,  and  9.  Riley  and  Drajeske  describe  a  fixed-base  simulation 
in  whicn  the  maximum  available  roll  rate  and  roil  mode  lime 
cans—’  were  independently  varied  and  the  pilot’s  time  to 
bank  9.  -agrees  and  stop  was  measured.  Care  was  taken  in 
the  experiment  to  allow  sufficient  time  for  b-aming  and  to 
generate  reasonably  large  numbers  (10  to  15)  of  captures  for 
analysis.  The  start  of  the  manoeuvre  was  defined  as  when  the 
stick  defiection  began,  and  tha  end  was  defined  as  when  the 
roll  rate  was  arrested  to  less  than  5  degrees/seccnd  or  5%  of 
the  maximum  rate  used,  whichever  was  greater.  Therefore  a 
reafirtic  element  of  precision  was  introduced  inlo  the 
protocol. 

The  results  from  that  experiment,  in  which  the  aircraft  banked 
(rom  -45  degrees  to  «45  degrees,  are  shown  in  Figure  3.  The 
in*-  ■>  curved  surface  summarizes  the  calculated  time 
responses  fer  a  sup  lateral  input  and  shows  the  expected 
steady  increase  in  agility,  i.c.,  a  decrease  in  the  lime  to  bank 
with  increasing  roll  rale.  The  upper  surface  ip  the  plot 
summarizes  thr.  bank-to-bank  and  stop  data  obtained  ir.  the 
piloted  cases.  The  references  to  conlroUsbilit)  on  thri  surface 
arc  from  the  pilot  ratings  and  comments  that  were  collected 
The  r.me  to  complete  the  manoeuvre  actually  increases  for  the 
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Rour-f  s.  Agfiity  In  a  Roil  Marrvauvna  (ftaf. }) 

higher  avaibble  mil  rales,  because  the  pilot  could  aot 
adequately  control  the  manoeuvre.  The  data  therefore  show 
that  flying  qualities  considerarions  do  limit  agility.  Though 
the  data  are  from  fixed-base  simulation.  »e  can  speculate  that 
in-flight  results  might  show  still  more  rlramatic  limitations. 
In  Reference  9  the  authors  suggest  tht  'he  effects  of  morton 
would  in  fart  change  the  shape  of  Figure  3  tc  look  idee 
Figured 

Ir  MiL-STD-1797.  upper  linns  on  literal  flying  quaJitira  are 
almost  cxclcsivety  set  by  Litcrabie  levels  of  acceleration  at 
the  pilot  station,  in  the  form  of  lateral  g  per  catroi  power 
Thu  Level  I  bevnda-y  af  about  2g  for  a  typical  fighter  seems 
extraordinarily  high,  but  Reference  3  does  state  tfctt  "in  ocher 
to  achieve  the  needed  tall  performance  it  may  be  petossary  to 
accept  some  urcomfortable  -ateral  accelerations.''  There  is 
considerable  discussion  on  lateral  control  sensitivity  ip 
Reference  3.  but,  as  with  helicopters,  the  erheria  are  strongly 
dependent  on  controller  type  and  only  guidance  it  given. 
CTevIy  there  will  always  be  upper  iiirit}  tc  sensitivity  and  it 
should  be  an  important  god  to  design  the  pilot/vehide 
interface  so  that  agility  is  iiot  inhibited  by  lits  parameter. 

4J  RaUry-Wtag  Pmptctiws  til  Ik*  Agility  Factor 
Cne  of  the  most  common  eausee  of  dispersion  m  pilot  HQS  s 
Stans  from  i  poor  or  imprecise  definition  of  the  performance 
requirements  in  a  mission  task  element,  leading  l:  variations 
ir  irtc.'prctatioti  end  hence  perception  of  achieved  task 
paforaitnce  and  associated  wort; Iced.  In  operational 
tituations  this  trenslatei  into  the  variability  and  uncertainty  of 
task  drivers,  commonly  expressed  in  lams  of  precision,  bot 
the  temporal  demands  arc  equally  important.  The  effects  of 
task  rime  constraints  on  perceived  handling  have  been  well 
documented,10-1112  a*d  represent  one  of  the  moc  mportant 
external  faaors  that  impact  pilot  workload  Fligju  results 
gatbeted  on  Puma  and  Lynx  test  aircraft  at  the  Bedlord 
Defense  Research  Agency'2-1'  showed  tiiat  a  criricai 
parameter  was  the  ratio  of  the  task  performance  achieved  to 


Figure*.  EfhtC*  of  Morten  on  AgUiey 

i be  maximum  available  fro-u  the  aircraft.  This  ratio  gives  an 
uidirect  measure  of  the  spare  capacity  .t  performance  margin 
and  was  ccrtseqiienU;  named  the  ability  fader 

The  notion  developed  that  if  a  pili  t  could  use  the  full 
pglormanec  safely  while  achieving  desired  task  prccmc,i 
rtqu’i  ciucnts.  then  the  aircraft  could  be  described  as  agile.  If 
not.  then  no  matter  how  much  performance  rcirgin  was  built 
into  the  helicopter,  it  ceuld  not  be  described  is  agile  The 
Bedford  agility  Inals  were  conducted  with  Lyra,  and  Puma 
i-pertruy  it  fight  weigtes  to  simulate  the  higher  levels  of 
performrncc  margin  expected  m  future  types  (e.g_.  up  to 
i0-30*A  hover  thrust  margin).  A.  coiivemcnl  method  of 
computing  die  agiiity  factor  was  developed  as  the  raao  of 
xlcil  task  Pile  to  *Suel  task  txac.  The  tasa  was  deemed  to 
commerce  at  rile  first  pilot  eontt>l  input  and  u  be  corrplcte 
when  ll  a  aircraft  motoo  decry  cd  to  within  prescribed  limits 
(eg,  position  withir.  a  prescribed  cube,  rues  *  J  deg/si  fot 
rc-positxweig  risks  or  the  when  accuracyAimc  requirements 
were  met  for  tracking  oe  purauil  tasks.  The  ideal  task  time  is 
calculated  by  assuming  that  the  max  imam  acceleration  is 
achieved  instantaneously,  ir  much  the  same  way  that  some 
aireraft  models  work  in  combat  Karnes.  So.  for  example,  in  t 
sidestep  re-posiiiooing  nuuoeuvre.  the  ideal  task  time  is 
derived  with  the  assumption  that  the  maxunum  translational 
acceleration  (bcncc  aim  aft  roll  angle)  is  achieved 
instantaneously  and  sustained  for  half  the  manoeuvre,  wren  it 
is  reversed  and  sustained  until  the  velocity  is  tgaiti  zero 

The  ideal  task  time  b  then  simply  given  by 

T,nfiSU'^  (0 

whetc  S  is  the  sidestep  laig  v  and  ana»  is  the  maximum 
translational  acceleration.  Wiai  a  153c  hover  thrust  margin, 
the  corresponding  mastnum  bsnk  angle  is  about  3C  deg.  with 
ar.„  equal  to  0  5?g.  For  a  JOO-fk  sidestep,  Tt  then  equals 
*  6  seconds.  Faaors  that  can  increase  the  achieved  task  time 
beyond  the  ideal  include: 
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i)  delays  in  achieving  the  maximum  acceleration  (e.g., 
due  to  low  roll  attitude  bandwidth/control  power), 

ii)  pilot  reluctance  to  use  the  maximum  performance  (e.g., 
no  carefree  handling  capability,  fear  of  hitting  ground), 

iii)  inability  to  sustain  the  maximum  acceleration  due  to 
drag  effects  and  sideways  velocity  limits,  and 

iv)  pilot  errors  of  judgment  leading  to  terminal  re¬ 
positioning  problems  (e.g.,  caused  by  poor  task  cues, 
strong  cross  coupling). 

To  establish  the  kinds  of  agility  factors  that  could  be  achieved 
in  flight  test,  pilots  were  required  to  fly  the  Lynx  and  Puma 
with  various  levels  of  aggressiveness  or  manoeuvre  “attack," 
defined  by  the  maximum  attitude  angles  and  the  rate  of 
control  application  used.  For  the  low  speed,  re-positioning 
Sidestep  and  Quickhop  Mission  Task  Elements,  data  were 
gathered  at  roll  and  pitch  angles  of  10,  20,  and  30  degrees, 
corresponding  to  low,  moderate,  and  high  levels  of  attack, 
respectively.  Figure  5  illustrates  the  varia'ion  of  pilot  ratings 
with  agility  factor. 


Figures.  Variation  of  Coopar-Harpar  Rating  wHh  A* 
Showing  tha  Cliff-Edge  of  Handling  Defldenele* 

The  higher  agility  factors  achieved  with  Lynx  are  principally 
attributed  to  the  hingeless  rotor  system  and  faster  engine/ 
governor  response.  Even  so.  maximum  values  of  only  0.6  to 
0.7  were  recorded,  compared  with  0.5  to  0.6  for  the  Puma. 
For  both  aircraft,  the  highest  agility  factors  were  achieved  at 
marginal  Level  2/3  handling.  In  these  conditions,  the  pilot  is 
either  working  with  little  or  no  spare  capacity  or  is  not  able  to 
achieve  the  flight  path  precision  requirements.  According  to 
Figure  5,  the  situation  rapidly  deteriorates  from  Level  I  to 
Level  3  as  the  pilot  attempts  to  exploit  the  full  performance, 
emphasizing  the  “cliff  edge"  nature  of  the  effects  of  handling 
deficiencies.  The  Lynx  and  Puma  are  typical  of  current 
operation?.!  types  with  low  authority  stability  and  control 
augmentation;  while  they  may  be  adequate  for  their  current 


roles,  flying  qualities  deficiencies  emerge  when  simulating 
the  higher  performance  required  in  future  combat  helicopters. 


Figure*.  Variation  of  Coopar-Harpar  Rating  with  Af  for 
Different  Notional  Configuration* 

The  different  possibilities  are  illustrated  in  Figure  6.  All 
three  configurations  are  assumed  to  have  the  same 
performance  margin  and  hence  ideal  task  time.  Configura¬ 
tion  A  can  achieve  the  task  performance  requirements  at  high 
agility  factors,  but  only  at  the  expense  of  maximum  pilot 
effort  (poor  level  2);  the  aircraft  cannot  be  described  as  agile. 
Configuration  B  cannot  achieve  the  task  performance  when 
the  pitot  increases  his  attack  and  Level  3  ratings  are  returned. 
In  zddition,  the  attempts  to  improve  task  performance  by 
increasing  manoeuvre  attack  have  led  to  a  decrease  in  agility 
factor,  and  hence  to  a  waste  of  performance.  This  situation 
can  arise  when  an  aircraft  is  prone  to  pilot-induced 
oscillations,  when  an  aircraft  is  difficult  to  re-trim,  or  when 
control  or  airframe  limits  are  easily  exceeded  in  the  transient 
response.  Configuration  B  is  certainly  not  agile  and  the 
proverb  “more  haste,  less  speed"  sums  the  situation  up.  With 
configuration  C,  the  pilot  is  able  to  exploit  the  full 
performance  at  low  workload;  he  has  spare  capacity  for 
having  situation  awareness  and  being  prepared  for  the 
unexpected.  Configuration  C  can  be  described  as  truly  agile. 

The  inclusion  of  such  attributes  as  safety  and  poise  within  the 
concept  of  agility  emphasizes  its  nature  as  a  flying  quality 
and  suggests  a  correspondence  with  the  quality  Levels.  These 
conceptual  findings  are  significant  because  the  flying 
qualities  boundaries,  which  separate  different  quality  levels, 
now  become  boundaries  of  available  agility.  Although  good 
flying  qualities  are  sometimes  thought  to  be  merely  “nice-to- 
have,"  with  this  interpretation  they  can  actually  delineate  a 
vehicle’s  achievable  performance.  This  lends  a  much  greater 
urgency  to  defining  where  those  boundaries  should  be.  Put 
simply,  it  high  performance  is  dangerous  to  use,  then  most 
pilots  will  avoid  using  it. 

In  agility  factor  experiments  the  definition  of  the  level  of 
manoeuvre  attack  needs  to  be  related  to  the  key  manoeuvre 
parameter,  e.g.,  aircraft  speed,  attitude,  turn  rate,  or  target 
motion.  By  increasing  attack  in  on  experiment,  we  are  trying 
to  reduce  the  time  constant  of  the  task,  or  reduce  the  task 
bandwidth.  It  is  adequate  to  define  three  levels— low, 
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moderate,  and  high,  the  loner  corresponding  to  normal 
manoeuvring,  the  upper  to  emergency  manoeuvres. 

There  are  also  potential  misuses  of  the  agility  factor,  Af, 
when  comparing  aircraft.  The  primary  use  of  the  Af  is  in 
measuring  the  characteristics  of  a  particular  aircraft 
performing  different  NSTE’s  with  different  performance 
requirements.  However,  Af  also  compares  different  aircraft 
flying  the  same  MTE.  Clearly,  a  low  performance  aircraft 
will  take  longer  to  complete  a  task  than  a  high  performance 
one,  all  else  being  equal.  The  normalising  ideal  time  will  also 
be  greater,  and  if  the  agility  factors  are  compared,  this  will 
bias  in  favour  of  the  poor  performer.  Further,  the  ratio  of 
time  in  the  steady-state  to  time  in  the  transients  may  well  be 
higher  for  the  low  performer. 

To  ensure  that  such  potential  anomalies  are  not  encountered, 
when  comparing  aircraft  us  the  agility  factor  it  is 
important  to  use  the  same  normalising  factor— defined  by  the 
ideal  time  computed  from  a  oerformance  requirement  The 
agil'ty  factor  concept  as  an  operational  agility  metric,  waa 
developed  in  the  surge  of  rotary-wing  handling  qualities 
developments  over  the  last  ten  years,  it  is  equally  applicable 
to  fixed-wing  aircraft  although  the  associated  MTE  database 
will  need  to  be  developed  as  a  foundation. 

Conferring  operational  agility  on  future  fixed  and  rotary-wing 
aircraft  emulating  configuration  C  above  in  Figure  6, 
requires  significant  improvements  in  handling,  particularly 
for  rotorcraft.  but  research  into  criteria  at  high  performance 
levels  and  innovations  in  active  control  are  needed  to  lead  tty 
way.  There  are  two  remaining  links  to  be  connected  to  assist 
in  this  process:  first,  between  the  agility  factor  and  the 
operational  agility  or  mission  effectiveness,  and  second, 
between  the  agility  factor  and  the  flying  qualities  metrics 
themselves.  If  these  links  can  be  coherently  established,  then 
the  way  is  open  ft*  combat  analysts  to  incorporate  prescribed 
Hying  qualities  into  their  pseudo-physical  models  through  a 
performance  scaling  effect  using  the  agility  factor.  These 
imks  will  now  be  developed. 

5.  THE  OBJECTIVE  MEASUREMENT  OF 
QUALITY 

Figure  ?  provides  a  framework  for  (‘-reussing  the  influence  of 
an  aircraft's  clinical  flying  qualities  on  agility  The  concept 
is  'hat  an  aircraft's  response  characteristics  can  be  described 
in  tetms  of  frequency  and  amplitude.  The  three  lines  refer  to 
the  minimum  manoeuvre  requirements,  the  normal 
operational  flight  envelope  requirements,  and  some  notional 
upper  boundary  reflecting  a  maximum  capability.  Response 
criteria  are  requited  for  the  different  -reis  on  this 
plane— from  high  tiequency/small  amplitude  characterised  by 
bandwidth,  to  low  frequency /large  amplitude  motions 
characterised  by  control  power.  The  region  between  is 
catered  for  by  an  ADS33  innovation,  the  Quickness 
parameter,2  and  is  particularly  germane  to  agility  for  both 
fixed-  and  rotary-wing  aircraft.  For  a  given  manoeuvre 
amplitude  change  (e.g.,  bank  angle,  speed  change),  the  pilot 
can  exercise  more  of  the  aircraft’s  inherent  agility  by 
increasing  the  spued  of  the  manoeuvre  change,  or  “attack," 
and  hence  the  frequency  content  of  his  control  input  and  the 
manoeuvre  quickness.  Likewise,  the  pilot  can  increase  the 
manoeuvre  size  for  a  given  level  of  attack.  Increasing  Ihe 
manoeuvre  quickness  will  theoretically  lead  lo  an  increase  in 
agility  factor.  But  (he  maximum  manoeuvre  quiskrwss  is  a 


strong  function  of  bandwidth  end  control  power  In  ADS33C. 
the  quickness  parameter  is  only  defined  for  attitude  response 
($,  0,  v)  and  is  given  by  the  ratio  of  peak  attitude  rate 
(Ppt-  qpk  rp j)  to  attitude  change, 

In  /  AO,  r^/Aq/. 

As  noted  by  Reif,  there  is  scope  for  extending  this 
experimental  agility  metric  to  other  degrees  of  ficsdom,  e.g., 
incidence.  Figure  S  shows  derived  quickness  parameters  for  a 
sidestep  gathered  on  the  DRA  Lynx13  and  “Configuration 
TJ09“  flowT.  on  the  DRA  Advanced  Flight  Simulator,’4  the 
latter  designed  to  emulate  the  Lynx  in  terms  of  bandwidth  and 
control  power. 


Figure  7.  Raspoocc  Charectariatfc*  on  Um  Fraquancy- 
Amplltuda  Plan* 


Figure  *.  Roil  AttRuda  Cjulcknare  from  Sldretap  Tret  Data 
In  r"ght  (Lynx)  and  Ground-Bared  Simulation  (AFS) 
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A  quickness  is  calculated  for  evry  rate  peak  in  the  attitude 
time  histories.  The  Lynx  line  on  Figure  8  represents  ’he 
upper  boundary  of  all  data  gathered  for  a  .ange  of  attack  and 
sidestep  sizes.  The  data  include  the  cases  plotted  in  Figure  3 
showing  that  at  the  highest  agility  factors/quickness,  poor 
l-cvel  2  ratings  were  awarded,  i.c.,  the  performance  degrades 
rather  than  improves.  The  Advanced  Flight  Simulator  data 
correspond  to  a  150- ft  sidestep  flown  at  the  three  levels  of 
attack  shewn.  Although  the  roll  bandwidth  of  configura¬ 
tion  T509  was  less  than  that  of  the  Lynx  (--3  rad/s  for  T509 
compared  with  -5  rad's  for  the  Lynx),  the  control  power  was 
simitar  (-100  deg/s),  and  die  pilots  achieved  similar  levels  of 
quickness  across  the  full  amplitude  range.  Also  shown  on 
Figure  8  are  the  Level  1/2  boundaries  for  tracking  and  other 
mission  task  elements  from  ADSJ.’C.  There  ate  several 
points  worth  making  about  these  data  that  impact  on  agility: 

1)  The  shape  of  the  quickness  boundaries  reflects  the 
shape  of  the  response  capability  limits  on  Figure  7. 
The  quickness  has  generic  value  and  forms  the  link 
between  the  bandwidth  and  control  power,  but  is  not,  in 
general,  uniquely  determined  by  them. 

2)  The  result  of  increased  attack  is  increased  achieved 
quickness  across  tnr  amplitude  range 

3)  The  cluster  of  quickness  at  small  amplitude 
corresponds  with  the  pilot  applying  closed-loop  control 
in  the  terminal  rc-positicning  phase  and  altitude 
corrections  during  the  accct/dccel  phases. 

4)  At  low  amplitude,  (he  maximum  achievable  quickness 
co.  responds  lo  the  open-loop  bandwidth  except  when  a 
pure  time  delay  is  present  (as  with  the  Advanced  Flight 
Simulator  configuration),  when  the  bandwidth  is  lower 
than  the  quickness. 

5)  The  ADS.13C  quickness  boundaries  at  high  amplitude 
correspond  to  the  minimum  control  power  requirements 
of  50  deg/s. 

From  considerations  of  control  power,  quickness  and 
bandwidth  alone.  Lynx  and  T509  are  Level  I  aircraft.  In 
practice,  however,  at  the  higher  attack,  when  the  highest 
quickness  is  recorded,  both  are  Level  2.  Some  of  t'lis 
degradation  can  be  accounted  for  by  simulated  visual  cue 
deficiencies  with  T509  and  by  severe  cross  couplings  with  tne 
unaugmented  Lynx.  The  data  >n  Figure  8  are  a  useful 
benchmark  for  the  kind  of  quickness  required  in  rotorcraft  to 
achieve  high  agility  factors  in  low  speed  MTE's,  but  it  does 
not  provide  strong  evidence  for  an  upper  boundary  on 
quickness  (oi  bandwidth  ai.d  control  power)  Configuration 
T509  was  implemented  in  the  DRA’s  Conceptual  Simulation 
M.Jel1 5  as  a  simple  low-order  equivalent  system  of  the  form 


Flgurolt.  Effect  of  Conceptual  Simulation  Model 
Pannwten  on  Roll  Qulckrwt* 

Figure  9  illustrates  the  eff-cts  of  the  various  parameters  in  the 
Conceptual  Simulation  Model  on  the  maximum  achievable 
quickness.  In  partk.dar,  the  actuator  bandwidth  has  a 
powerful  effect  on  quickness  in  the  low  to  moderate 
amplitude  range.  Maximising  the  actuation  bandwidth  and 
minimising  delays  in  the  achievement  of  maximum 
acceleration  are  in  accordance  with  maximising  the  agility 
factor.  Moreover,  while  this  configuration  has  been  used  for 
helicopter-related  agility  rescarcli,  the  results  arc  equally 
applicable  to  fixed-wing  aircraft. 

The  sensitivity  of  agility  factor  with  the  parameters  of  the 
Conceptual  Simulation  Model  is  relatively  easy  to  establish. 
If  we  consider  the  same  bank  and  stop  task  discussed  in  the 
fixed-wing  context  earlier  in  this  paper,  some  useful  insight 
can  be  gained.  A  pulse  type  control  input  will  be  assumed, 
although,  in  practice,  pilots  would  adopt  a  more  complex 
strategy  to  increase  the  agility  factor.  Tu  illustrate  the 
primary  effect  we  consider  the  case  where  the  “secondary" 
time  delays  are  set  lo  zero  (i  c ,  t  «  0,  toa  •  0).  For  a  roll 
angle  change  of  At,  the  ideal  time  (assuming  the  time  to 
achieve  maximum  rate  is  zero)  is  then  given  by 

7;  =  At/K-dr  (3) 

where  Ar  is  the  control  pulse  duration. 

The  time  to  reduce  the  bank  angle  to  within  5%  of  the  peak 
value  achieved  is  given  by 

?,'» Af-!n(005)/cu„  (4) 


« 
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where p  is  the  body  axis  roll  rate  (rad/s)  andrt|c<s  the  pilot's 
lateral  cyclic  st'-k  displacement  (±1).  <am  is  the  fundamental 
first-otder  bretuc  frequency  or  roll  damping  (rad/s)  andn>0  is  a 
pseudo-actuator  break  frequency  (rad It).  K  is  the  steady-state 
gain  or  control  power  (rad/s-unit  ri|e)  and  t  is  a  pure  time 
delay. 


The  agility  factor  is  then  given  by 


A,--TIIT. 


(o„A( 

<u»Ar  -  ln(0.05) 


(5) 


Figure  10  illustrates  the  .variation  of  At  wiJi  ai^dr.  The 
bandwidth  <am  is  the  n  jximiim  achievable  value  of  quickness 
ar  this  simple  ease,  and  hence  the  function  shows  the 
sensitivity  of  Aj  with  both  bandwidth  and  quickness.  The 
normalised  bandwidth  is  a  u.eful  parameter,  as  it  represents 
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the  ratio  of  aircraft  to  control  input  bandwidth,  albeit  rather 
crudely.  For  short,  sharp  control  inputs,  typical  in  tracking 
corrections,  high  aircraft  bandwidths  are  required  to  achieve 
reasonable  agiiity  facto*. •,  For  example,  at  the  ADS33C 
minimunri  required  value  of  3.S  nils  and  with  1-second 
pulses,  the  pilot  can  expect  to  achieve  agility  factors  of  0.3 
using  simple  control  strategies  in  the  bank  and  stop 
manoeuvre.  To  achieve  the  same  agility  factor  with  a  half- 
second  pulse  would  require  double  the  bandwidth.  This  is 
entirely  consistent  with  the  argument  that  the  ADS33C 
boundaries  are  set  for  low  to  moderate  levels  of  attack. 


Another  fruitful  avenue  appears  to  lie  in  the  extension  of  the 
quickness  parameter  to  the  acceleration  phase  of  a  mission 
task  element.  The  fixed-wing  Control  Anucipation  Parameter 
already  suggests  this  as  the  ratio  of  pitch  acceleration  to 
achieved  normal  “g"  (effectively,  pitch  rate).  The  DRA 
Conceptual  Simulation  Model  trials  offers  a  good  example  to 
explore  and  develop  this  concept  of  rate  quickness.  Setting 
the  pure  delay  term  in  the  Conceptual  Simulation  Model  to 
zero  for  this  study,  the  magnitude  and  time  constant  of  the 
peak  roll  aceeler.  Jon,  for  a  st*p  control  input,  can  be  written 
in  the  form 


If  values  of  agility  factor  up  to  0.73  are  to  be  achieved. 
Figure  10  suggests  that  bandwidths  up  to  S  rad/sec  will  be 
required;  whether  this  is  worth  the  30%  reduction  in  task  time 
can  only  be  judged  in  an  overall  operational  context.  Such 
high  values  of  bandwidth  are  not  uncommon  in  fixed-wing 
aircraft,  of  course,  and  Figure  10  serves  to  illustrate  and 
underline  the  different  operational  requirements  of  the  two 
vehicle  classes. 
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The  rats  quickness  can  then  be  written  in  the  form. 


(6) 

(7) 
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Figure  10.  Motional  Variation  of  A;  wtgi  Hormattaad 
Bandwidth 


This  simple  example  has  many  questionable  assumptions  but 
the  underlying  point,  that  increasing  key  flying  qualities 
parameters  above  the  ADS33C  boundaries  has  a  first  order 
effect  on  task  performance,  still  holds.  However,  it  provides 
no  clues  to  possible  upper  performance  boundaries  set  by 
flying  qualities  considerations.  As  stated  earlier,  ADS33C 
does  not  address  upper  limits  directly.  Abo,  practically  all 
the  upper  boundaries  in  MIL-STD-1797  are  related  to  the 
acceleration  capability  of  the  aircraft.  As  noted  earlier,  there 
arc  tentative  upper  limits  on  pitch  attitude  bandwidth,  but  it  is 
suspected  that  these  arc  actually  a  reflection  of  the  high 
control  sensitivity  required  to  maintain  a  defined  level  of 
control  power,  rather  than  the  high  values  of  bandwidth  per 
se.  Control  sensitivity  itself  (rad^-inch)  is  a  fundamental 
flying  qualities  parameter  and  is  closely  related  to  the  pilot's 
controller  type.  While  some  data  exist  for  helicopter  centre 
and  side  sticks,  more  research  is  required  to  establish  the 
optimum  characteristics  including  shaping  functions.  MI!.- 
STD-1797  provides  a  comprehensive  coverage  of  this  topic 
for  fixed-wing  aircraft,  rather  more  as  guidance  than  film 
requirements. 
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This  is  plotted  in  normalised  form  in  Figure  1 1.  During  the 
Advanced  Flight  Simulator  handling  qualities  trial  described 
in  Reference  14,  the  lag  bandwidth  aa  was  set  at  20  rad/s  to 
satisfy  the  pilot's  criticism  of  jerky  motion.  This  gave  a  g  of 
about  0.3  at  the  highest  bandwidth  flown  (T3G9) 
Corresponding  values  of  rate  quickness  and  time  to  peak 
acceleration  were  0.3  ana  0.7  respectively,  both  relative  to  the 
natural  aircraft  bandwidth, 
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Figure  11.  Variation  c  /  Rat*  QtilckrvMS 
with  Acceleration  Tim*  Cone  tent 

Intuitively,  there  are  likely  to  be  upper  and  lower  flying 
qualities  bounds  on  both  of  these  parameters.  Hard  and  fast 
may  be  as  unacceptable  as  soft  and  slow,  both  leading  to  low 
agility  factors;  the  opposite  extremes  may  be  equally 
acceptable  when  referred  to  the  maximum  quickness.  This 
suggests  closed  boundaries  delineating  the  quality  levels  on 
the  Figure  1 1  format.  Clearly,  more  systematic  research  and 
data  capture  are  required  to  test  and  develop  this  hypothesis 
further. 
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Mean  Coopor-Harpar  Rating,  Pem 


Figure  12.  RofatfonsNp  BXwnfl  M**n  CHR  (Coopor-Harpor  Rating)  and  P(LOC) 


The  results  of  this  objective  quality  analysis  indicate  that  the 
fiying  qualities  parameters  arc  suitable  for  quantifying  agility 
beyond  the  minimum  levels  set  by  the  standards.  The 
quickness,  for  example,  is  a  natural  measure  of  agility, 
increasing  with  manoeuvre  attack,  and  spanning  the  low 
frequency/high  amplitude  to  high  frequcncy/low  amplitude 
range  of  manoeuvre  kinematics. 

Upper  limits  on  flying  qualities  may,  however,  be  better 
expressed  in  terms  of  acceleration-based  parameters,  rather 
than  the  rate-based  parameters  more  commonly  found  in  the 
flying  qualities  standards.  Upper  limits  for  small  amplitude 
motions  appear  to  be  well  catered  for  bj'  control  sensitivity  in 
the  various  axes.  For  larger  motions,  there  is  a  significant 
gap;  some  of  the  ad  hoc  parameters  in  MIL-STD-1797,  eg., 
CAP,  do  point  to  a  possible  generic  approach.  ADS33C  does 
not  address  upper  limits  at  all.  The  quickness  concept  has 
been  extended  to  the  acceleration  response  with  a  view  to 
bridging  this  gap. 

6.  THE  SURJECTIVE  MEASUREMENT  OF 
QUALITY 

Flying  quality  is  ultimately  determined  by  pilot  subjective 
opinion.  The  “measurement  scale"  and  the  understanding  for 
this  continue  t<-  stimulate  vigorous  debate  but  the  Cooper- 
Harper  handling  qualities  rating  scale  provides  the  most 
widely  accepted  standard. 

The  operational  benefit  of  good  flying  qualities  has  never 
been  properly  quantified  using  the  pilot  rating  approach, 
however.  But  the  safety  benefits  have  been  addressed  in 
References  16  and  17,  using  the  Cooper-Harper  pilot  rating 
scale  as  a  metric  (Figuie  1)  These  references  consider  the 
pilot  as  a  vital  system  component  who  can  fail  (be  stressed  to 


failure)  ;n  an  operational  context  The  authors  point  out  that 
if  c  norma!  distribution  of  ratings  is  assumed,  ‘hen  the 
probability  of  control  loss.  P(LOC).  can  be  calculated  for 
various  mean  ratings  and  dispersions,  as  shown  in  Figure  12. 
P(LOC)  is  the  probability  of  obtaining  a  rating  greatcr/worse 
than  9.5.  which  in  turn  is  simply  proportional  to  the  area 
under  the  distribution  to  the  right  of  the  9.5  rating.  Thus  the 
probability  of  flight  failure,  due  to  dying  qualities 
deficiencies  can  be  estimated.  For  the  case  studied  in 
Reference  16  and  depicted  in  Figure  12.  operating  a  barely 
Level  I  aircraft  can  reduce  the  probability  of  loss  of  control 
by  an  order  of  magnitude,  compared  to  an  aircraft  in  the 
better  end  oi  Level  2  Phis  result  immediately  raises  the 
question,  what  is  the  p.obabili'y  of  mission  success  or  failure, 
and  can  the  same  comparisons  be  made  between  aircraft  with 
different  mean  (lying  qualities? 

Figure  13  shows  a  notional  distribution  ,>f  ratings,  with  the 
regions  of  desired,  adequate  and  inadequate  performance 
clearly  identified.  The  desired  and  adequate  levels  can  be 
considered  as  reflecting  varying  degrees  of  mission  (task 
element)  success,  while  the  inadequate  level  coraesponds  to 
mission  (task  clement)  failure.  Effectively  the  mission  is 
composed  of  a  number  of  contiguous  Mission  Task  Elements, 
each  having  a  virtual  Cooper-Harper  rating  assigned  on  the 
basis  of  performance  and  workload  that  the  situation  demands 
and  allows,  respectively.  If  a  particular  Mission  Task 
Element  were  assigned  a  Level  3  rating,  then  the  pilot  would 
either  have  to  by  again  or  give  up  on  the  particular  Mission 
Task  Element. 

Loss  of  control  has  obvious  ramifications  cn  mission  success. 
The  probability  of  obtaining  a  rating-m  one  of  the  regions  is 
proportion*’  to  the  area  under  the  distribution  in  that  region. 
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Hgur«  13.  Ncttonal  DMitbuHon  of  Pilot  Handling  QgaiMM  Ratings  for  a  Qtvan  Aircraft 


Note  that,  as  discussed  in  References  16  on  17.  wi:  include 
(Mings  greater  than  10  and  less  than  t  in  the  anal;  sis  The 
rationale  is  that  there  are  especially  good  and  bvd  aircraft  or 
situations,  whose  qualities  correspond  to  ratings  like  minus  2 
or  13.  However,  tfie  scale  enforces  recording  :nem  as  I  or  10. 

Note  too  that  the  scatter  produces,  even  with  a  good  mean 
rating,  a  large  probability  of  merely  adequate  performance 
end  even  a  finite  probability  of  total  toss  of  control  and  crash. 
We  have  said  in  the  Introduction  to  this  Paper  that  flying 
qualities  are  determined  by  the  synergy  between  internal 
attributes  and  external  influences.  It  follows  then  that  sources 
of  scatter  originate  both  internally  nid  externally.  Internal 
sources  include  divided  attention,  stress  and  fatigue,  pilot 
skill  and  experience.  External  sources  include  atmospheric 
disturbances,  changing  operational  requirements  and 
timelines,  threats,  etc.  The  flying  qualities  community  has 
done  much  to  minimise  scatter  by  careful  attention  to 
experimental  protocol,1*  but  in  operational  environments  the 
effective  pilot  rating  scatter  is  omnipresent. 

Figure  14  shows  the  probability  of  obtaining  ratings  in  die 
various  regions  when  the  standard  deviation  of  the  nting3  is 
unity.  This  curve,  which  we  have  labeled  as  preliminary,  has 
some  interesting  characteristics.  First,  the  intersections  of  the 
lines  occur  at  the  ratings  4.3,  6.3,  and  9.3.  as  expected.  Also 
it  turns  out  that  for  a  mean  rating  of  7,  the  probability  of 
achieving  inadequate  performance  is,  of  course,  high,  and  we 
can  also  see  that  the  probability  of  achieving  desired 
performance  is  about  the  same  as  that  for  loss  of 


control — about  one  in  a  hundred.  Improving  that  rating  to  2. 
lowers  the  probability  of  loss  to  I  O'1-1  (for  our  purposes  taxi) 
and  ensures  that  performance  is  mostly  at  desired  levels. 
Degrading  the  mean  rating  from  2  to  3  will  increase  the 
chances  of  mission  failure  by  three  orders  of  magnitude. 

We  describe  these  results  as  preliminary  because  we  assume 
that  there  is  a  rational  continuum  between  desired 
performance,  adequate  performance,  and  control  loss.  For 
example,  desired  and  adequate  performance  may  be 
represented  by  discrete  touchdown  zoocs/vclocitics  on  the 
back  of  a  ship,  and  loss  of  control  might  be  represented  by, 
say,  the  edge  of  the  ship  or  hanger  door.  On  a  smaller  ship 
(or  bigger  helicopter,  for  example),  the  desired  and  adequtte 
zones  may  be  the  same  size  as  on  th’  ,ger  vessel,  which 
puts  the  deck-edge  closer  to  the  adequate  boundary,  or  may 
represent  a  similar  fraction  of  the  deck  size,  hence  tightening 
up  the  whole  continuum.  This  raises  some  fundamental 
questions  about  the  underlying  linearity  of  the  seuic.  With  the 
servo-model  of  piloting  behaviour,  for  example,  we  can 
always  define  a  desired  level  of  flight  path  task  performance 
so  demanding  that,  whatever  the  aircraft  attitude  bandwidth, 
pilot  induced  oscillations  will  result,  leading  to  level  3 
ratings. 

Though  these  questions  remain,  pilot  rating  and  mission 
success  or  failure  are  powerfully  re'ated  through  the 
preliminary  data  in  Figure  14.  Flying  qualities  alone  can 
determine  whether  operational  agility  is  flawless  or  whether 
control  U  lost 
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Figure  14.  NaMtonaNti  gifrwaan  Mian  CHR  (Coapar  Hatpar  rating)  and  PrefeaWMy  of  MtoaioH  lute— «.  FaMure  or  Craah  - 


7.  INCLUDING  FLYING  QUALITIES  EFFECTS  IN 
COMtAT  MODELS 

The  result!  highlighted  in  this  paper  suggest  ways  by  which 
the  effects  of  (lying  qualities  can  be  incorporated  into 
unmanned  oombci  mission  simulations  Such  models  are 
regularly  used  to  establish  the  effectiveness  of  different 
weapon  system  attributes  or  tunes,  bet  the  human  element  ir 
usually  absent  for  obvious  reasons  The  aircraft  we  therefore 
assumed  to  have  perfect  flying  qualifier,  and  the  models  arc 
often  configured  to  ignore  the  transient  responses,  effectively 
assigning  an  agility  factor  of  unity  to  each  manoeuvre  change 
or  Mission  Task  Element  The  impact  of  these  assumptions  is 
twofold:  first  there  is  no  way  that  flying  qualities  or  their 
enabling  technologies  can  be  included  tn  the  trade  studies 
conducted  with  such  models.  Second,  the  implied  perfect 
flying  qualities  may  give  a  false  impression  of  the  importance 
or  the  value  of  mission  performance  enhancements.  The  key 
steps  to  embodying  the  key  flying  qualities  effects  are 
sugg erred  as  follows: 

I)  Through  objective  design  and  assessment  establish  the 
level  of  flying  quality  and  hence  the  effective  mean 
Cooper-Harper  rating  for  a  configuration. 


2)  Describe  the  mission  in  terms  a  senes  of  contiguous 
Mission  Task  Elements,  selectable  in  (he  same  way  that 
set-piece  manoeuvres  are  in  combat  models 

3)  Establish  a  Mission  Trtsk  Element  hazard  weighting  on 
the  basis  of  threat,  divided  attention  and  other 
intrmal/extemal  factors,  that  will  define  the  effective 
virtual  Cooper- Harper  rating  for  the  Mission  task 
Element.  Thu  will  vary  as  the  mission  develops 

4)  Establish  a  time  scaling  for  each  Mission  task 
Element,  on  the  basis  of  the  maximum  achievable 
agility  factor 

})  Overlay  the  time  scaling  on  the  mission  profile,  there 
will  be  an  option  for  each  Mission  Task  Element  lo  II) 
at  reduced  agility  factor  with  level  I  virtual  Cooper- 
Harper  rating  or  in  fly  at  the  higher  agility  factor  at  a 
poorer  Coopcr-llarpcr  rating. 

Impeovementr  ot  degradations  in  flying  qualities  can  then  be 
explored  through  variations  m  the  achievable  agility  factors, 
and  mean  Cooper-Harper  rating  for  the  aircraft  and  can  be 
linked  directly  to  the  enabling  control  icchnologiea  There 
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Operational  splits  Otter  aranbme  of  as  tap*  <)«» 
Odd  as  subsystems  from  season.  Orach  Ac  enframe 
etc  meats  tad  ploc.  to  rhf  granary  imtuso  element.  C  |. 
weapon  The  **al  system  can  unly  be  ae  aplc  m  as  skmesi 
daaca,  ami  ntananaiog  the  tweamsn  »sdua  dte 
ah)i>ai  as  a  be*  method  foe  mlonnt  ayftcy  Ihc  fonts 
of  this  Piper  is  the  airframe  sad  as  (arm)  ceabfeng 
snnbote— as  Cyw*  qualities  The  adequacy  of  esnro-.f 
flying  qualmcs  assent  for  peosidmg  aplits  is  addressed 
along  »«h  the  benefits  to  agtley  of  good  fives*  quoted  art! 
the  penalises  of  peer  tfytag  quatees  The  fonowog  pnoopoi 
cnachaaoRS  can  he  drawn 

I)  ExMmg  flyasg  quatees  erjaem  pmde  an  acceptable 
and  necessary  fraasem  cct  foe  dcscnbmg  sad 
quantify  wag  agility.  the  quxAncts  parameter  stands  cat 
as  a  useful  agility  metric  ami  should  he  extended 
beyond  die  corral  rotary-wing  «oric  response 
requirements  to  flight-path  variables  and  fixed-wing 
applications  Homes  a.  the  existing  qtwisty  Oourthnrs 
arc  tails  tnaumum  standards  ami  do  sot  reflets  or 
quantify  the  desirable  characteristics  at  hsgfi 
performance  lesets  Indeed.  Acre  are  vay  few 
boundaries  defined  thai  set  uppa  louts  on  usable 
perfotreonec 

21  The  aplrt)  factor  prondcs  a  measure  of  usable 
performance  and  can  be  used  to  quantify  the  effects  of 
flying  qualities  on  aplajr  K ours -wing  research  has 
shown  that  aplify  factors  up  to  0  7  can  he  achacstd 
wish  current  aircraft  types  openaed  wah  high 
performance  margins.  hut  handing  deficiencies 
typically  lead  to  Cooper-Harper  rstwgs  m  the  poor 
Loci  2/Tesel  3  region  Moreover,  the  degradutscr 
from  level  1  to  3  is  rapid  High  agiUy  fscsoes 
achievable  with  Level  I  flying  qualities  should  be  a 
goal  for  future  operational  types 

3)  Extensions  of  the  ADS33C  tnnovatiuo.  the  quickness, 
into  the  acceleration  response  is  suggested  a>  a 
potentially  useful  paranvenr  for  retting  flying  qualities 
limits  on  performance  flight  and  umulatson  dau 
needs  to  he  gathered  and  analysed  systematically  to  test 
this  hypothesis 

4)  It  is  argued  that  even  a  level  I  aircraft  "on  papa'  will 
degrade  to  Level  2  and  3  in  unfavourable  situation  In 
tint  context,  a  probabilistic  analysis  can  be  used  to 
highlight  the  bencftls  of  unproved  flying  qualities  on 
operational  agility  and  mhsacc  effectiveness 
Operating  a  level  2  aircraft  is  shown  to  increase  the 
chances  of  mission  future  by  litre:  orders  of  magnitude 
at  compared  to  a  Level  I  rrcraft  The  testiiu  tee 
preliminary  and  depended  on  a  number  of  underlying 


aawwwpCKW!.  bur  toheae  a  powerful  relationship 
Experimental  remits  are  oeednd  to  substantiate  toe 
rewbj  These  could  mchade  learnseg  mas  and  Inals 
wiA  vary  mg  degrees  of  external  mflocsccs 

5)  CoKderag  Ac  susara  as  a  senes  of  conaigawa 
oussaon  tosh  elements  enables  tie  agtley  factor  and 
prohebebty  of  tutscraTsdurc  to  be  overtaid  on  rsors- 
pheol  ceobe  ganwn  uaglaboos  Th«  shook!  allow 
flying  qualities  sc  he  rarHiled  tn  such  cvrrervcs  and 
flsftl  consul  ledtneiogses  to  he  xdcgrxtd  mro  mssmn 
effect!  servers  code  Ado 

6)  The  hey  w  aawrsag  dial  latter  preycets  are  nor 
nactgcble  to  performance  stocsoomatgs  from  Cyurg 
quahrv  defieacacaet  would  appear  hs  he  at  Ac 
devcfopmcB  of  a  cvtfrrf  speexfleaeson  for  ftytxg 
quatees  and  performance,  wadt  a  dear  nanus 
oneauAoe  e  Ac  style  of  Ac  new  flyavg  qvitacx 
ft^wwmp 

9.  tCKXOtt  LEDCMCVT 

The  authors  wish  to  th»4  DwTtfl  Gsflcce  of  McDonnrS 

Doug  Us  Amapac  foe  to  ctenluwu  to  the  technical 

comer*  of  fists  papa  and  also  for  bn  pmsrxe  as  crcaeng  the 

pupa’s  layout 
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AN  AGO-tTY  METRIC  STRUCTURE  « 


FOR  OPEKATION'AL  AGIUTY 
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Aerospace  Engineering  Test  EsuWishment 
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TWi  ftfa  «— Mim  bow  —  H 2*1  Mnc  a—o— I 

uni—  WLt  trmtofot  by  Ac  Hj*U  Hffton  Nad  WoA»* 
Gmp  It.  TW  mcaa  mi  4ml<v«4  from  ai«|  ccaayu 
ml  ro  )ami»<  far  lyyfcc—qi  lo  ho*  fad  mi  taurj  wi«e 
— acA.  11k  ypw  ft  vu  tud  cm  w  *aiw  wlpu 
coanfK  foomaaf  m  Ac  *iioK  B  <x— firtc*  a  apcdfic 
cywBcwl  Kt  m  Ac  penny  metric  FmlaMnci 
Wcrecdrr  c<  Krla  liaK  Kak  —Jrei  w««  Arcfcywd  to 
oaftrow  Ac  fawl  matkm  ityi— c  Ay— A—  oa  *t 
mum 


TW  metre  mm  n  AvrlcpcW  foe  cr|aaiim(  Ac  ccaccfU 
of  nrfroac  nay  m  bat  aot  Ac  am  row.  IWaxtnc 
kWk  it  ooayncc4  of  itcamar.  cipcomacl.  are)  opcnooaal 
mw.es.  TW  maacat  mcuici  woe  Afneel  aa  Aoac  llaac 
A^— Am  pan— am  Ak  chare  ten jc  iaatMUacoai  —fane 
MKccfcaaec*.  Eipcnamui  nomxattt  Af—4  by  Aacme 
Kiel  l«A  ilmiai  —A  ten pc— i  pmpetret  Am  were 
ope— icaf  far  rahen  p—poan  ha  mere  aoi  acacaaanly 
pinpmaMr  aa  a  mil  lira  iclaaf  a— iwnrcr.  OpcrKxod  naatrei 
mete  Afiaaf  —  cqapha  mmm-m  tmk  ilamraa  mitoioj  Aa 
(oaf  lAlli  mycmi  fa  atelripfa  fifM  <f  fiaifrcn. 


Tee  me—  wa>  alao  foaaf  lo  be  appticaUc  lo  oAw  aapccti  of 
apAly  An— A  Ac  mhe|  concept  of  cpcratxnal  —Ay.  TWs 
■Mali  I  Ac  InM  t—Jy  of  poinbte  system.  ploC'vdBck 
a—rfacc.  aaf  weep—  lyataai  ante  bam 4  —il«y  necks-  RaaDjr. 
Aa  aotfaap  groep  Aafief  areaa  ak»  lapaWW  Mar  My. 

.  —  a 

m  Axial  Acoek/arto* 

A Qf  Aiwlt  Qad»M  Paramtfer 

CCT  Co«kl  Cycle  Tint 

DST  Dynamic  Spaed  Turn 

E*A  Enrtgy-AgiJMy 

|  Act*feo*o*  to  Oa^Wy 

H  Abode 

KQI  Itandmg  Qatki*«  Rji»| 

HQOT  HtpMmt  QmktKi  During  Trading 

LA  Latanl  Agilrty 

LAT  Larp*  Asuphiuif  Task 

*a  Body  Aw  Normal  Lond  Fedor 

OA  OftrUMMi  Aptay 

P  RedRsae 

PM  PaKMWg  Kargin 

Pi  S^kAc  Eiom  Po*w 

PR  ?«wM* 

PN  Xdfl  "tsae  Normal  Lc*4  Factor  Product 


Q  P*d  Rase 

R  Y<«  Rate 

RO90  Rofi  m4  CifMrt  90  degree  Bar*  Angle 
SAT  Small  Amptoade  Task 

TA  Tcrrionel  Agifcy 

TR  TnRjte 

U  uid  rdodfy  component 

Am  hdriirdM  fc>  Ogeratfanal  Aj^Hry 

Combat  aircraft  agihty.  »  the  tone  of  raped  L'uuifrt 
wnnrrrnaf  to  |ua  a  tactical  Wrirtijt.  bt  bero  the  foctM  of 
roughly  two  decade*  of  research.  Thr  onffatii  waa  placed  on 
the  charaocruabca  of  transient  motion  tfoxjgk  die  me  cf  dear 
and  ueamfeagunuc  metrics.  Theae  mrtna  have  been  presented  » 
a  —toilc  of  pjfcn  which  by  and  Urge  nuke  op  the  UenOMt 
cai  the  subject  of  ag3*y.  Miswng.  though.  it  a  frame  went  with 
which  to  —demand  the  broad  implication*  of  ihcic  met  no. 

Tbit  paper  shaB  jhertfort  focui  on  bow  to  argisuzr  the  agility 
rnuia 


Formulating  an  agUtfy  metric  arxwx  it  aeen  now  to  be  a* 
important  Map  in  du  establishment  of  agikry  aa  a  design 
objective  became  die  operationally  significant  elements  cf  agility 
tued  to  be  danfiad  and  speofkaticm  developed.  Afilny 
ccwcapu  abo  need  to  be  aattod  with  die  well  etubbiM 
concepu  of  performance,  control,  and  K ability.  Wnhont  a  nsafcle 
Mfwcntfe  and  common  Ungoage  the  goal  of  andentandmg  agility 
anJ  cmnoncami  its  ube  hu  remained  dam. 

Waling  Gfoup  19  was  assigned  die  tael  of  nuking  acnee  cf  the 
cumnf  eg  Wiry  Maie-of  the  ait  end  providing  dear  directioa  for 
fdaie  tfferte.  The  nwhi-dMopImary  background  of  the  Woding 
Group  facditaaed  ducoaekai  of  the  curmd  knowledge.  From  this 
basis  H  was  poodc  to  focM  on  what  agibry  means  and  bov  n 
iafhieoces  combat  aircraft  design  to  aa  to  perform  the  mission. 
The  wort »g  grwp  was  comprised  of  design,  eeahuoon.  and 
operational  experts  from  both  Ac  rotary  and  fixed  wmg  aircraft 
commonly.  The  wotling  group  observed  that  much  cf  the 
agibry  research  foesud  «  highly  sprebitzed  aspects  of  die 
larger  problem.  That  is.  how  to  respond  to  a  rapidly  dunging 
threat  or  hostile  environment  while  at  the  same  tane  sooceufaDy 
compfatiag  (he  mission.  A  concept  diet  covers  both  design  and 
operations  yet  still  imet  be  evaluated  fee  coat  effective 
specification  oompbance. 


Doing  die  deliberations  of  Working  Group  19  between  1991  and 
1993.  tl  became  evident  thst  the  airframe  elements  of  agility 
were  m  fact  only  part  of  whit  agility  was  in  combat.  A  balanced 
total  aticrtft  design  was  the  key  to  the  best  dunce  for  success  u 
combat  Hu  Operation*!  Agility  of  this  total  aircraft  cyston 
therefore  became  the  new  cr  evolved  basis  for  agility. 


•  • 


prtxnird  at  an  AGAHD  Mfttinf  on  Tnhnobgks  for  High!}  Manoeuvrable  Aircraft',  Octobtr  1993. 
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Rgwre  I.  Missile  Eagagemeat  Task Time Component*. 


TOTAL  TASK  TIME  •  TQODA  *  *nmcns  ♦  Tx«*xlock  ♦  ^wofom 
.Vote:  OODA  is  Object.  OntaLutiou.  Decision.  Aoen  pdot  loop. 


How  fa_*i  die  lou]  aircraft  responded  to  a  rapidly  chaopng  ducat 
omrcnmcs*  canid  ft Mvrafly  be  measured  ws*  lane,  or  more 
iprcSciSy,  Ik  MM  Co  perform  a  muxa  Udu  Hbs  coaovpt 
wm  fin!  prepoaed  by  Show.  (!)  la  Show’s  paper  Cke  mimic 
cnntart  task  wm  used  lo  iBnatme  bow  to  dwractenac  die 
email  bate  to  complete  a  mission  task.  Eachasrcnft 
charaaenstic  d tat  influenced  die  task  may  be  wpwtokd  by  a 
cane  delay,  t.  m  show*  m  figure  *.  dta<  auy  he  iwaatd  lo 
determine  die  overall  Cask  fane. 

Overall.  Cm  relation  of  any  one  time  d:Uy  to  agility  may  be 
Kteiprefed  by  iu  duration.  That  i«  awacmiiiag  the  time  delay 
iaetCMar  the  yklaru  and  dwrtfore  agihty.  Mofcpie  parafiei 
action*  and  die  ability  to  change.  »*  ayaiemm  tone,  between 
action*  can  also  be  interpreted  an  unproved  agday.  Lynch 
observed  dial  over  empkasiong  one  time  delay,  andi  a*  de 
airframe,  could  teat)  in  reaching  *  point  of  dmumahinf  return 
or.  espoatag  *  deficiency  with  another  component  of  the  aircraft 
by  over  extendmg  tta  capabihtie*.(2) 

An  aircraft  designed  lo  mnaane  tunc  delays  ovtnU,  will  be 
quicker  at  performing  (he  mission  taik  and  therefore  liner  to 
«IH*  «d  deatroy  a  hostile  aircraft  or  fire  to  continue  wah  the 
primary  mistion.  Since  the  aircraft  mfl  be  expected  lo  perform 
many  mission  laak*  quickly  or  in  fact  twitch  between  several 
roles.  Operational  Agility  will  become  a  basic  design  objective. 

If  on  the  other  hand,  die  aircraft  docs  not  need  lo  respouj  fast  lo 
a  treat  or  changing  battlefield  dim  agility  does  not  natd  lo  be  a 
nujoe  design  consideration.  Agihty  it  only  one  element  of  tha 
aircraft's  fighting  qualities. 

This  pnpar  wdl  therefore  develop  a  structure  for  (he  metnes  that 
meaiure  the  operational  agihty  characteristics  of  the  total  aircraft 
baaed  on  time  domain  technique*.  The  ducusaaon  begins  with 
soma  OA  terminology.  FcLtoning  that,  tendons  metric 
structures  shall  be  presented  that  have  provided  tha  foundation 
for  (he  smseture.  With  the  benefit  of  dua  knowledge. 


the  Wotting  Group  19  structure  or  classification  scheme  uni  be 
developed  and  apphed  lo  all  the  dements  of  O  A.  The  concepts 
win  dun  le  suggested  a*  a  means  *-o  develop  speofi  cation*  for 
agihty.  Raaly.  require*  future  efforts  wiO  be  outhaad.  For  a 
more  detail  docmaion  of  OA  and  die  metrics  themselves.  d* 
reader  it  referred  lo  the  Wotting  Group  19  report. (2) 

Tirmkdutj 

A  number  of  coanptehmnvc  terms  were  defined  in  otdee  lo 
describe  the  ripanded  scope  of  Operataonal  Agildy.(2)  As  d * 
compete  scope  of  Operational  Agdny  is  new  to  many  readers, 
denies!  agdrfy.  that  is  aeiodyiuvnic.  propulsion.  control.  mi 
operator  aspects  of  agihty  mil  be  referred  henceforth  as  airframe 
agihfy.  In  add  non  the  wotting  group  identified  (he  ocher  major 
agihty  elements  as  systems  (avsotres)  agilrty.  and  weakens 
agihty.  The  working  group  defined  these  operational  r  ibey 
elements  as: 

1)  Operational  Arhry  -  the  abthtY  to  adacc  and  respond, 
rapidly  and  precisely,  wwh  safety  and  pone,  to 
maximize  minion  effectiveness. 

2)  Airframe  Agility  -  the  physical  properties  of  the 
aircraft  which  relate  to  it*  ability  to  charge.  rapidly 
and  precisely,  ns  (light  path  or  pouting  axis. 

3)  Systemi  Agility  -  die  afaihty  to  rapidly  change  mil  won 
foftcfxxM  of  he  individual  systems  which  provide  the 
pilot  widi  his  txttcsl  awarmess  and  bis  abiky  to 
do^ct  and  launch  weapons  in  response  to  and  to  afccr 
the  combat  environment. 

4)  Weapons  AjiUy  » the  ability  lo  treats  rapidly 
character!  sties  of  die  veapen  and  m  asaoorted 
onboard  systems  in  response  to  tactile  intent  or 
coufttermcaftires. 
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Tbs  M{nd  of  4m  puct/vrhacie  rtcKace  u  cioariy  ooi  to  each  <f 
tin—  ilwrti  and  m  Mdb  is  a  primary  fossae  of  the 
Opcnbond  Apky  ot  Ac  aiscnfi L 

OgJteibg  PwligMt 

Mom  of  4m  —arch  iui  focwtwJ  a*  atrfr— m  agii*y  mi  us 
metrics  mainly  foe  spsafvt  mrcntl  trpss,  —d*  m  fi&Mn  ami 
*2ack  helicopters,  bat  rtry  Imlc  wc<4  1m*  been  4ooc  to  uubtuk 
m  omi»I  dassrfkdicn  scheme.  That  it  »o  say  »  d—ufkancn 
•chute  4m(  ensfckd  a*tky  dsts  to  be  str-x—icd  fee  — slyus  or 
to  pook  t  imo  4tuil  tOMoni  «4an  t  tpeafieataon  other 
thaa  'the  atrcrsit  shall  be  agile". 

Ths  Ant  wMy  acotpsad  agiky  mastic  dmatfksixm  sch cane  *m 
develop*!  by  RMtrckn  at  the  USAF  Air  ftxce  Right  Teat 
Cotter  (AFFTC)  uU  HMwptrf  to  detufy  —cries  by  carnal 
response  and  leaf  tom  response  of  s  AfMcr  atrcndL0)  This 
cUinTiotioa  kImm  Kptni«4  4m  iMUia  hto  two  jtwpe 
irwtsied  Mtd  faKDcml  metrics.  The  frovpr  weft  oofM*I>y 
cxfnd  ss:  (3) 

1)  Tomem  Mdno  •  mettles  At  dwifltnitd  the 
accdencsaa  or  decekf—an  phase  of  a  maoewer. 

2)  fagond  Mdna  •  metrics  Ak  deaenbed  he 
complete  sytiem  adafaf  4m  plot-vckcfc  Moftcc, 
caex/ol  nedMiitMt,  set craft  perform— cc.  aweraft 
handbag  chiractemtia  as  the  total  tyumm  behaved  m 
dosed  loop  Uak». 


Own  presented  a  tane-sc^c  concept  for  mtcfprrtiag  *f&*y  i «— g 
the  state -ch—  |c  ktm  mm  pkt  thorn  it  Hgam  Z(5)  Trss  pkt 
tlh uwa  the  sue  <h— gc  cap&Ston  oi  m  moA  5/  dcTamd 
in  taffioeac  detail  4m  chengee  conM  pens*  etspark;* 

«th  other  eirciWL  Udbeo—tly,  duv«4  4m  tun 
scanty  has  be—  very  chftksh.  Notwidattm **tg  4ns  fr— taekaa. 
the  Ntt&i  o i  parafisl  task  acarntv  c—  hr  demonsfrt—  t  More 
state  rlisp.  per  —it  lime  anpfce*  —give  igiry.  Do—  proposed 
ihpw  cane  teaks  as  a  dnofi cation  fd«ee  to  tackle  4m 
ttfcdioet  bee  realms  for  a^ik  taa£  attivi'y.  These  wcsc^5) 

1)  hsOMS—e net  Ttshaft—t)  -  4msc  tmhs  ase 
dMKkflnl  by  amviserei  rates  for  0-1  —coeds. 

2)  S— a  AayWade  TmMSAT)  -  4mm  -aha  Ut  1-2 
x rends  or  hr  one  to  perform  a  small  6mGl 

3)  Large  Angj—de  Inj^UT)  -  these  ta*s  Use  10-20 
KconJi  or  r—c  to  perform  a  orssion  la ak  ekmeoL 

Dora  softened  4—  each  c i  4m  t— e-*caka  vm  a  baatof  4cd 
for  4m  sen  ke|tf  tan c  scale.  Aa  4m  task  taa*  ts  increased, 
details  became  lost  or  hadden  as  the  — ^eence  of  events  oc 
scarifies  tend  to  a  cafhx  hn  mom  red— ir  tce—jkx  LATt 
arc  hadcn  sacra  yaaontfly  —sr/agfal.  has  Afficak  to 
characterise.  Comndy.  ae  4m  task  mag  ts  drrrrsesil.  dctstls 
became  dear  and  arapkr  to  dandtnx  bet  the  impact  as  the 
omkckantinpe.  For  4 tit  reason  a  4—d  iefcnitdat 
ffOBp—f  be  comm  i  bcscAoal  sescc  u  cceta-ns  MnaM  c i  design 
mi  «&Mica  task  xpatsu. 


In  Au  coatol.  4m  Iran sscat  caetrio  were  KCendrd  to  provide 
af  Usty  tafo—MUoa  for  desrfnen  so  notate  the  rerperee  and 
evahtton  to  compare  data  for  speoAcaooo  toapkocc 
Fnacxionsi  metrxs  provided  nlormnson  abom  the  cpcnoonsl 
soiubtbry  of  the  tirfr—ve. 

Recently,  these  tame  rescardten  at  the  AFFTC  ekevd  to  esodify 
the  metric  ckstiAoSsan  wkt  to  more  acenrstefy  irpecseal  tic 
me  of  the  afUny  metrics.  This  ahenoao  was  reported  by 
Lawless  (4)  after  ftthennf  art d  ndyssf  data  ctesasrd  fran  she 
X-29.  F-I5.  F/A-IH.  F*I6w  F-4.  and  A-37  asef  axfran m  asetnes 
proposed  c  4m  time.  The  nrvised  dasuAcaOons  »at: 

! )  Attlity  Drs»g»  Psrsmrteti  (A DP)  •  (effaced  truaoK 

metnes  as  a  means  to  provide  thirty  defined  deuf? 
tools. 

2)  Hvaka txw  Mrmcs  -  retraced  fawcoo—l  metrics  as  a 

me—  of  dutfyiot  4m  dosed  loop  tasks.  Wilma 
cval—l ran  mcCncs.  a  farther  two  cate  forks: 

a)  Fbfht  JPuh  Metrics  characterized  4m  pike 
rcctnl  of  the  hfl  vector  comprised  of  load 
ftQoe  afthty.  torsamsl  af  iky.  and 
acoefo/nxM  akef  the  fogM  path. 

b)  Atbtsdc  MeV>o  duracenaed  4m  no— 
pomtmt  capsfcdmcs  of  Cm  siraaft 
indudmf  pitch  and  ysw  poinbnj. 

These  renud  jraspiap  tsprcjeoted  a  fine  tttnof  of  4m  deufa 
aspect  of  airframe  tftky  daradtnatioa.  The  opemsa—l 
Mntabdity  aspects  were  nc4  emphsttzed.  It  ti  ao:  dear  at  4us 
tme  that  4m  rrvued  sppronch  has  received  sopped. 


The  worhasif  grasp  fosasd  4m  three  ame  ruSu  so  be  ray 
appropriate  bn  dieutrf  at  knf4»  Ac  p—Satsvc  Lane 
—craned  s  for  each  bmldinf  bkdL  The  groop  fck  that  hoc 
time  rtahn*  ibodJ  not  be  amodasad  pemeiMy  m  too  — y 
eacepoens  *to  posabk  which  detmard  fraa  ik  Mi— fth  of 
the  cxwcept. 


Fifarr  2  Dora's  Stale  Quofc  vmrs  Ttoe  Plot  (5) 


Imttotiorcot  SAT  LAT 


TIME  (SECONDS) 


Ft*  wpportsd  Dorn's  clmfiaan  scheme  aad  si— rfwd  arveral 
ex  bong  apky  iwna  cssctydn  asamdy  for  each  use 
*c*k^6)  The  mnancanao—  tmre  sole  icckdas  4m  slyfiral 
mrtnea  that  am  msthamdxal  m— jpakoo—  cf  the  govern sag 
BOM.  4m  tmatf  ampihida  ta^s  mdade  soch  mstocs  as 
propotad  by  Shoes  /]).  and  AnaDy  Ae  Wg*  ampfaide  tasks 
nchss  metrics  peopled  by  Kaknac  (7)  and  T— Mat  (I)* 
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One  fuul  structure  related  to  the  development  of  an  agility 
nwtnc  structure,  the  minion  task  dement  (MTE).  The  use  of 
operationally  oriented  minion  task*  were  suggested  u  &  very 
powerful  means  of  demonstrating  in  a  dear  and  unambiguous 
way  the  operational  suitability  of  the  aircraft.  Operationally 
oriented  mission  tasks  for  evaluation  are  nothing  new.  ADS-33C 
for  roury  wing  flying  qua]ittcs(9).  perhaps  has  gone  the  further! 
to  make  use  of  them  in  a  specification.  ADS-33C  proposed  the 
MTE  as  a  means  for  standardising  helicopter  flying  qualities 
evaluation  dining  closed  loop  operational  tasks. 

Each  of  these  metrics  structures  or  classification  schemes 
reflected  the  interests  of  the  design,  evaluation,  tcr\  operational 
communities.  The  wwkw£  group  observed  that: 

1)  Dorn's  three  time  scales  portrayed  the  time 
dependence  of  agtlity  facilitating  a  hierarchical 
structure. 

2)  The  two  AFFTC  approaches  presented  a  more 
detailed  understanding  cf  Dorn’s  instantaneous 
and  small  amplitude  task  realms. 

3)  Fan  classified  some  of  the  existing  metrics  within 
Dorn’s  three  tier  approach  indicating  that  the  metrics 
could  be  logically  united  using  time  scales. 

4)  The  ADS-33C  MTE  approach  provided  a  more 
detailed  method  for  characterizing  the  operational 
suitability  aspect  of  ability. 

A  very  logical  structure  emerged  by  combining  all  the  previous 
structures. 

Metric  Classification  Structure 

The  airframe  agility  metric  classification  concepts  were 
cv'.ibined  to  arrive  with  a  scheme  possessing  three  broad  dasso 
of  metrics:  transient.  expenmcr*al.  and  operational.  The 
transient  metrics  include  Dorn's  Instantaneous  class  and  the 
AFFTC  transient  metncs/ADPs.  The  Fxpenmenial  dais 
included  Dorn’s  Small  Amplitude  Task  class,  the  AFFTC 
Evaluation  metrics,  and  part  of  the  AFFTC  Functional  metnc 
class.  The  operational  metnc  class  includes  Dorn’s  Large 
Amplitude  Task  class,  the  MTE  as  defined  within  ADS-33C.  and 
part  of  the  AFFTC  Functional  metric  class.  Once  grouped  it 
became  easier  to  define  the  metnc  levels  within  (he  structure. 

The  transient  class  may  be  considered  to  contain  continuous 
characterization!  of  the  instantaneous  response  of  the  aircraft.  In 
other  words,  the  continuous  metrics  indude  lime  dependent 
parameters  such  as  the  agihty  vector.(10XI  1X12)03)  Tic 
metrics  can  be  calculated  at  any  moment  during  a  maneuver,  and 
as  such  may  not  be  the  maximum  possible.  They  lend 
themselves  to  optimization  as  suggested  by  NASA  researchers. 
(14)  From  a  time  history  of  these  parameters  it  will  he  more 
obvious  when  the  agility  capabilities  of  the  aircraft  are  being 
exploited.  Transient  *r\e  changes  occur  at  the  peak  events 
suggesting  the  maneuver  segments  ideal  for  experimentation. 

Certain  charad eristics  can  be  formulated  into *  discrete* 
parameters  to  focus  on  the  transient  response  to  a  particular  set 
of  control  inputs.  These  are  the  expenmcnial  metnes.  They  are 
only  calculated  at  specific  moments  immediately  after  the  input 
is  applied.  Tm  McpcnmeiW *1  metrics  cut  be  (.locate  of  u  some 


of  the  basic  building  blocks  of  more  recognizable  operational 
maneuvers.  As  basic  building  blocks  the  maneuvers  used  would 
be  short  and  easy  to  define,  control,  and  repeal  making  these 
metnes  ideal  for  test  and  evaluation. 

Operational  metrics  are  the  final  class  and  focus  on  the  global 
agility  concepts  of  qukkneis  and  precision  as  well  as  tune  to 
perform  specific  mission  tasks.  The  mi rvn  task  quickness 
metnes  focus  on  the  Ume  to  perform  i  task  associated  with  a 
mission.  Aggressiveness  plays  a  significant  role  in  weighting  the 
lime  to  perform  the  task.  The  minion  task  precision  emphasizes 
the  accuracy  with  which  the  task  is  cn  trolled  while  be  jig 
perfewmed  quickly. 


The  airframe  agility  metric  scheme  was  then  expanded  to 
encompass  the  enure  scope  of  Operational  Agility.  A  metnc 
hterareny  was  constructed  as  shown  in  Figure  3.  All  the 
elements  that  contnbute  to  the  response  time  of  the  total  aircraft 
system  can  now  be  represented  with  suitable  metrics  proposed 
for  each  element. 

Figure  3.  The  Operational  AglUty  Metric  Hierarchy. 
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Although  not  intentional,  the  agility  metric  classes  were 
analogous  to  ex*sung  hurdling  qualities  metnc  classes.  The 
theoretical  bast;  for  continuous  representation  of  the  motions  for 
handling  qualities  are  the  basic  force  and  moment  equations  of 
motion.  The  aircraft  static  and  dynamic  stability  character  sues 
are  essentially  obtained  using  an  experimental  approach. 

Precision  task  workload  assessments  using  HQR/HQDT 
emphasize  mission  relation.  This  metric  structure  therefore 
facilitates  incorporation  of  the  agility  metrics  within  existing 
handling  qualities  specifications  and  design  concepts. 

Airframe  agility  is  perhaps  the  most  mature  element  of  OA,  with 
many  metnes  proposed.  Systems  and  weapons  agility  is  not  well 
understood  but  some  basic  concepts  will  be  developed  briefly. 
These  subject*  are  dearly  areas  for  future  research. 
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The  majority  of  the  remainder  of  this  pape;  will  be  devoted  to 
classifying  the  existing  airframe  agility  metrics  within  the  metric 
hierarchy.  A  Urge  number  of  metrics  have  been  proposed.  In 
order  to  understand  the  staie-cf-ihe-art  within  Che  dasiificuion 
scheme  context  a  method  was  devised  to  assign  attributes  to  each 
metric  These  attributes  provided  a  means  of  assigning  the  level 
of  maturity  and  therefore  need  for  research  and  are  listed  with 
each  metric  in  Figures  5  to  12.  The  attribute  definitions  are: 

A  Easy  to  measune/ny/test  with  clearly  defined 

success  criteria  for  the  task  cr  task  element. 

B  Supported  by  a  substantiated  database  (  1  • 

simulation,  2  *  experimental  flight  test.  3  - 
operational  flight  test). 

C  Related  to  mission  effectiveness. 

0  Related  to  design  or  design  parameters. 

Airframe  Tr— stent  Metrics 

9 

The  airframe  transient  metrics  are  those  time  dependent 
parameters  that  characterize  airframe  state  changes.  These 
metrics  are  continuously  defined  properties  reflecting  the 
instantaneous  state  of  the  airframe.  Clearly,  man)'  suitable 
metrics  already  exist  that  can  be  used,  eg  Ps.  turn  rate.  Some 
gr#  ist  that  lequiie  more  metrics  to  be  defined.  These  gaps 
are:  moderate  and  large  amplitude  maneuvers;  n  more  complete 
set  of  acceptable  maximum  performance  criteria  for 
maneuvering;  and  the  study  of  stale  change  transitional  events. 

The  transition  events  can  be  analyzed  with  the  transient  metrics. 
Theoretical  developments  for  transient  agility  have  been 
proposed.  (10X1 1X12X13)  The  ability  vector  components  are 
the  primary  transient  agility  metrics. 

Other  metric*  supplement  these  terms  thai  when  taken  together 
provide  unique  insights  into  the  Urge  amplitude  maneuvering 
trajectories  as  a  function  of  tune.  These  are:  esvrgy- 
manorverabsljty:  maneuverability  cf  the  flight  path  (velocity 
vector  components);  and  attitude  maneuverability  (body  angular 
rates  and  eerier  angular  rales),  as  suggested  by  Jcuty^2) 

The  presentation  of  the  metric  data  is  best  achieved  through  tunc 
history  plots  during  a  maneuver  with  a  well  defined  control  input 
strategy.  This  presentation  will  reflect  local  max  ana  that 
determine  when  the  state  transition  occurred  and  its 
characteristic*. 

The  defining  equations  show  how  recognizable  parameters  may 
be  rrtaed  to  the  morion.  These  recognizable  parameters  nuy 
then  be  related  to  design  parameters,  such  a,  was  the  intent  with 
Lawless*  Agibty  Design  Parameters.  Unfortunately,  very  little 
data  are  available  in  a  format  to  illustrate  these  concepts. 

The  Right  Mechanics  Panel  Working  Group  17  report.  (15) 
discussed  the  lack  of  a  formal  recognition  of  moderate  and  Urge 
amplitude  handling  criteria.  One  Manner  in  which  to  view  this 
problem  is  with  the  amplitude  versus  frequencyAime  plot  for  a 
single  degree  of  freedom  s«  shown  in  Figure  4.  Close  inspector 
of  this  plot  reveals  where  i*andtag  qualities  research  has 
emphasized  small  amplitude  precision  tasks.  On  this  plane,  the 
other  areas  that  h  o  net  received  wide  rccognnxm  are  more 
obvious.  The  cc  #1  region  p.'wides  insight  into  agility  since 


this  area  represents  moderate  vo  Urge  amplitude  and  moderate  to 
high  frequency  (and  greater)  inputs,  intuitively  the  realm  of 
agility. 


One  area  which  requires  further  investigation  is  definition  of  the 
maximum  performance  limit  or  bound.  A  definition  that  will 
depend  on  handling  qualities  during  aggressive  maneuvering, 
structural,  aerodyiramic,  and  physiological  limits.  These  issues 
have  been  addressed  to  some  extent  by  (2)  and  (16)  but  more 
work  is  required. 


Figure  4.  Control  Input  Amplitude  versus  Frequency.  (2) 
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The  continuous  tune  history  of  the  motions  also  provide  a 
vehicle  with  which  to  prove  compliance  with  specifications. 

Bise  and  Black  argued  that  "by  proper  enumei-rion  of  the  tasks 
(inputs)  and  desired  responses  (outputs),  any  maneuver  including 
agile  maneuvers  may  be  described  completely.  Agile  rerpemes 
are  then  seen  to  be  simply  a  subset  of  all  possible 
responses".  (17) 


The  range  of  possible  maneuvers  will  be  dependent  on  the 
aggressiveness  of  the  pilot.  In  order  to  perform  repeatable  tests 
that  provide  useful  data,  the  aggressiveness  needs  to  be  defined. 
Quantifying  aggressiveness  appears  to  be  a  current  shortfall  m 
handling  qualities  lestang  of  agile  maneuvers. 


More  research  must  be  done  to  quantify  aggressiveness.  Instead 
of  minimum  performance  specifications,  in  the  design  process,  a 
spectrum  of  conceivable  responses  are  now  possible  and  M  is  up 
to  the  procurement  agency  to  define  unique  performance  criicr*. 

Airframe  Ex» trim  ratal  Metrics 

Experimental  metrics  have  been  proposed  to  aid  the  evaluator  in 
breaking  down  any  maneuver  into  segments  which  are  repeatable 
and  con  tollable  yet  provide  valuable  information  applicable  to 
the  overall  mission,  fai  other  words,  expenmetxal  metrics  obtain 
engine* rang  data  from  a  maneuver  segment.  Some  tactical 
maneuver!  can  become  too  com  pi idled  in  terms  of  duration  and 
nurtber  of  aircraft  axes  of  motion  that  they  are  not  easy  to  model 
in  a  flight  test  environment  This  dais  of  metrics  therefore 
places  emphasis  on  "discrete"  segments  of  a  maneuver. 
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The  transient  metrics  differ  from  experiment*!  metrics  in  that 
they  characterize  continuously  the  transient  flight  mechanics 
regardless  of  the  maneuver  inputs.  The  experimental  metrics 
characterise  particular  parts  or  building  blocks  of  a  recognized 
tactical  maneuver  and  can  he  used  to  study  transition  events. 

Most  of  the  agility  me'ncs  proposed  fall  into  this  clast  of  melnc. 
Because  many  exist,  further  groupings  within  this  class  have 
been  suggested.  The  groupings  that  have  been  used  have  been 
organized  by  the  types  of  motions.  The  most  popular  have  been: 

1)  pitch,  literal,  axial  (1) 

2)  flight  path  and  nose  pointing  (3) 

3)  !ongitudinal,c>jrvaturc,  and  torsional  (10) 

4)  axial,  pitch,  turning,  nose  priming.  and  roll  (14) 

Since  the  working  group  included  rotary  wing  researcher*,  the 
observation  was  made  that  axial  motion  is  only  one  of  three 
translational  components  of  motion  possible.  Therefore  in  order 
to  be  more  general,  a  translational  motion  group  would  seem 
logical.  Right  bath  bending,  pitching,  turning,  and  curvature 
groups  fell  logically  «tto  a  nose  pointing  group.  Finally  roll, 
lateral  and  torsional  groups  all  fell  logically  within  one  torsional 
group.  The  working  group  chose  translational,  nose  pointing, 
and  tonional  as  the  primary  groupings  that  served  as  t  basis  for 
common  terminology. 

Translational  Metrics.  The  translational  metrics  include  those 
metrics  which  focus  on  the  transient  changes  in  (hose  parameters 
that  are  defined  by  pure  linear  motions  of  the  center  of  gravity. 
These  metrics  are  dominated  by  the  performance  of  the  aircraf*. 
The  following  parameters  characterize  change:  position,  velocity 
components  (forward/axial.  sideways,  vertical),  accelerations,  and 
jerk  terms.  Aggressive  changes  m  translation  state  would  be 
characterised  by  quick  times,  large  charges  m  posnioo  and 
velocity,  and  maximum  peak  accelerations,  and  jerk  terms. 

For  fighters  the  axial  or  longitudinal  translations  are  important, 
but  for  heliccpen  and  VSTOL  aircraft  vertical  and  sidew.ys 
motions  an  also  important.  Translational  metrics  that  have  been 
proposed  are  tDust  rated  in  Figure  5  for  vertical  direction  and 
Figure  6  for  to  axial  direction.  For  obvious  reasons  motion  in 
the  axial  direction  hav>  been  emphasized.  No  sideways  metrics 
could  be  found  n  the  Iiteiature  although  similar  presentations  as 
the  axial  metrics  are  possible  k>  characterize  for  example  a 
helicopter  sidestep  maneuver.  A  complete  set  of  metrics  wcxdd 
consist  of:  capture  limes,  rates,  accelerations,  and  jerk  terms  for 
each  axis. 

Clearly,  data  obtained  with  these  metrics  would  supplement 
existing  performance  data  in  the  aircraft  flight  manual.  Some 
metrics  are  suitcbb  for  specifications  and  indeed  already  exist  in 
samlar  forms. 


Figures  Vertical  Transitional  Metrics. 
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Figure  6.  Axial  Translational  Metrics. 
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Nose  Poimiat  Metrics.  The  note  pointing  metrics  include  those 
metrics  which  focus  on  the  transient  chsn$e  of  the  body  x  axis 
orientation  with  respect  to  the  wind  and  earth  or  inertial 
reference  frames.  This  assumes  that  the  weapon  borcright  is 
fixed  along  this  axis. 

There  has  been  great  interest  in  the  ability  of  sn  aircraft  to  point 
the  nose  at  an  opponent  quickly.  The  behaviour  of  the  flight 
path  during  a  tactical  engagement  can  be  very  complex,  so  for 
experimentation,  special  cases  must  be  specified  to  simplify  the 
motion.  Three  possible  cases  are: 

1)  Nose  potr^^g  while  maintaining  a  linear  flight 
path  or  disengaging  the  body  axis  from  the  velocity 
vector  such  as  with  the  X-31  A(10)  in  angle  ct  attack 
ot  the  Sikorsky  S-76A  Fantail  Demonstrator  (18)  in 
SKk'lin  The  body  axis  changes  with  respect  to  the 
wind  axis  reference  frame.  This  maneuver  would  be 
the  ultimate  "angles”  tactic  capability. 

2)  Nose  pointing  while  bending  the  flight  path.  The  body 
axis  changes  with  respect  to  the  earth  reference  frame. 
This  would  be  classical  "energy"  maneuvenng. 

3)  Simultaneous  changes  of  the  body  axis  orientation 
with  respect  to  both  the  wind  and  earth  frames. 

The  third  case  is  perhaps  the  most  realistic  for  current  generation 
fighters.  NASA  researchers  observed  that  in  pure  pitch 
maneuvering,  the  longitudinal  stick  displacements  in  current 
fighters  will  behave  differently  at  stow  and  fast  regimes.(M)  At 
high  speeds  the  flight  path  displaces  as  per  the  nose  pointing 
displacement  as  in  the  second  case,  but  at  slow  speeds,  the 
aircraft  will  exhibit  no  flight  path  response  (purely  wind  axis 
motions  as  in  the  first  case)  or  even  opposite  flight  path 
displacements^  14) 

Further  simpfaficarions  can  be  made  to  isolate  the  effects  of 
gravity.  Motions  can  be  grouped  into  pure  vertical,  pure 
horizontal,  or  any  other  discrete  orientation  with  respect  the  local 
vertical.  (14) 

Note  pointing  metrics  proposed  to  focus  on  body  axis  changes 
with  respect  to  the  velocity  vector  are  illustrated  in  Figure  7. 

The  metrics  result  in  a  dear  definition  of  the  angles  cf  attack  and 
iMeshp  pointing  envelopes.  The  weapons  limits  could  then  be 
superimposed  illustrating  mismatches.  In  all  hkehhood  fighter 
type  aircraft  will  emphasize  the  angle  of  cttack  envelope  while 
helicopters  emphasise  side  Is  ip  pointing  envelopes. 

Nose  pointing  metrics  proposed  to  focus  on  the  flight  path 
control  in  the  body  and  inertial  reference  frames  are  listed  in 
Figures  8  and  9.  To  be  useful  for  operations  analysis,  the 
inertial  reference  frame  permits  direct  geometrical  angles 
assessments.  The  pitch  attitude  quickness  parameter  (AQP)  was 
proposed  within  ADS-33C.  This  metric  could  become  very 
useful  for  defining  the  "safe"  agility  envelope  because  data  can 
be  combined  with  handling  qualities  data  io  illustrate  areas  that 
are  good  for  aggressive  handling. 

The  nose  pointing  metrics  logically  group  into:  angular  changs 
capture  times,  peak  angular  rates,  j»ak  angular  accelerations  for 
angle  of  attack,  sidesbp.  pitch  angle  and  heading  angle  as  wcO  at 
load  factor  and  P*  characteristic*. 


Figure  7.  Wind  Axis  Nose  Pointing  Metrics. 
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Figure  9.  Continuation  of  Nose  Pointing  Metrics. 


Torsional  Metrics.  Torsional  metrics  group  those  characteristics 
of  the  motion  that  involve  rotation  of  the  lift  vector.  Although 
not  a  direct  capability  to  engage  an  opponent,  torsional  motions 
are  necessary  to  rc-ocient  the  lift  vector  so  as  to  nose  point  or  to 
di*engBge.(l) 

The  tonxmW  airframe  metrics  proposed  art  illustrated  in  figures 
10  and  11.  The  most  notable  of  these  are  Skew's  high  AOA  roll 
agility  metrics:  Torrsocai  Agility  (TA)  and  Lateral  AgOity 
(I-A).(l)  Tliete  mct.^i  pre r.*J*  a  means  of  combining  luw:s 
imposed  during  nose  pointing  at  elevated  AOA  an-J  rolling 
maneuvers. 

The  roll  AQP,  like  the  puds  AQP  was  introduced  in  ADS-33C 
This  metric  also  provides  a  method  to  combine  aggressive  rcUrrg 
and  good  handling  qualities  in  order  lo  bound  agility. 

The  PN  parameter  might  be  better  described  as  die  pew  PN  or 
lane  to  peak  PN  from  a  specified  initial  condition. 

Rotations  of  the  hft  vector  can  be  described  by  a  rotation  about 
the  vdodey  vector  cn  tha  wind  axis  system  or  wkh  respect  to  an 
inertial  frame,  such  as  a  change  in  roll  angle.  Body  axis  rolls  at 
mod* rate  or  Urge  snglei  of  attack  are  rot  cf  great  interest 
because  <i  die  risk  of  fateflU)  coup! try. 

Lika  the  nose  pointing  metrics,  she  torsuxid  metrics  can  be 
logically  grouped  inkracguW  change  capture  times,  peak 
angular  rates,  peak  angalar  accrkraoons  for  roQang  maneuvers. 


Figure  10.  Torsional  Metrics. 


ten 

- ~ - 

r^vCifM 

A M 

Dvtroov  ot  Rofl 
lMdF*cior 

AOA 

a«a  Auk. 
OouWtpi 
CtMtudCnmty 
CwTirmooi 

(•!»*> 

<*VC) 

(Um) 

04  «N/ 

-  _ 

I'm* 

l«M| 

*K 

AFFTC 

NASA 

AililC 

AOA 

- 

— 

TWi 

»’lWM 

^■MIW 

n 

rukiu<iK«i 

A*Mc 

UIAhIi 

OomSci|N 

Cwae&tvC) 

CovftfjnM* 

(♦) 

N 

MC| 

0 

(> 

□ 

1  M 

J 

NASA 

MUM 

McS 

AjnijD 

_ 

ica 

<K«M 

_ *•«»•*• _ 1 

TwwwfeU  w 

A 

Ain  Seel  lute 

i a 

tamt 

UekAx^c 

P* 

\ 

Crai«tu)c 
Ccvw  W  Or»»v> 

(m) 

\ _ 

•VC 

NASA 

(fM) 

m  -  ■ 

AJIJ) 

Mufc 

24-10 


0 


Figure  11.  Continuation  of  Torsional  Metrics. 
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The  airframe  operational  agility  metrics  consider  the  transient 
changes  of  stale  which  occur  in  typical  mission  dependent 
maneuvers.  The  metnes  characterize  the  behaviour  of  the 
aircraft  in  a  more  global  sense  looking  at  the  performance, 
maneuvering,  and  mail-machine  interface  aspects  of  airframe 

Fust  and  foremen,  these  metises  depend  on  the  mission.  This 
extends  further  than  conventional  flight  mechanic  principles  and 
theory.  The  desired  results  obtained  from  (he  operational  metrics 
would  be  detaded  in  a  specification  and  may  ai  this  level  be 
traded  off  io  oher  more  critical  performance  measures.  For 
example,  a  tradeoff  between  Withm  Visual  Range  (WVR)  and 
B»»yond  Visual  Range  (3VR)  reqeutoenu  in  die  design  process. 

The  cpemxraal  metrics  have  two  main  aims:  characterize  the 
nmrion  task  quietness  and  mission  task  prremen  if  a 
weapon/sensor  is  used.  The  mission  u»k  quickness  is  best 
chamcfteriiwd  as  a  *lhnc  to  perform  a  task*.  The  million  (ask 
precision  depends  largely  on  die  purpose  of  he  task  and  is 
definnd  by  a  weapons  system  accuracy  rtqiartmcnt  for 
engagement. 

Two  grossing*  of  metnet  Mvt  boos  suggested:  global  metres  or 
mission  specific. 


Global  OA  Metnes.  The  global  metnes  characterize  the  overall 
airframe  agility  in  a  top-down  sense  for  a  mission  task.  These 
ma>  be  classified  as  offensive  or  defensive  but  other  general 
classes  are  conceivable.  The  metrics  that  have  also  be'  n 
proposed  (I  at  fit  into  this  group  and  are  illustrated  r  tgure  12. 

Time  to  perform  the  overall  task  is  the  main  metric,  for  example, 
time  to  engage  and  destroy  a  hostile  aircraft  under  a  certain  set 
of  conditions.  Another  good  global  metric  that  measures  the  cost 
of  maneuvering  it  Dorn's  energy-agility  metric.(5)  The  accuracy 
of  weapons  aiming  or  flight  condition  tracking  may  be  assessed 
at  the  global  levcL  Finally,  it  is  at  the  global  level  that 
aggressiveness  co«4d  be  characterized,  further  study  is  required 
for  many  of  these  metrics. 


Mnwoa  Specific  OA  Metrics.  Specific  mission  metnes  are 
unique  to  a  particular  miiini  task,  not  necessarily  m  air  vehicle 
type,  feat  reflect  reafistic  aircraft  operation i.  The  metrics  are 
based  on  the  Mission  Task  Element  (MTE)  at  discussed 
pecvijudy.  Dcfiracg  MTEs  provides  a  means  of  treating  down 
typical  motion  profiles  itfo  manageable  coopcneras  Am  are 
ratable  to  bed)  Itupcn  tad  evaluators  wfJi  the  ovent  an  of 
be  rag  dead/  identifiable  to  the  epentor.  Any  nuKka  Urk  may 
be  Iwokm  iaso  a  sequence  of  senes  and  parallel  mission  usk 
tkmctUi.  each  of  which  possess  a  ‘time  to  perform*  tins  delay. 
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Specific  minion  metrics  are  c  Urge  cUn  of  metrics  because 
many  minion*  ire  cononvsbk.  The  fighter  minion  has 
emphasised  weapon*  engagement  maneuvering  and  attack 
helicopter  mi  m  ion  has  emphasised  nap-of-thj-ea^ih  maneuvering 
foe  ateahh  and  concealment.  Aerremacchi  researcher*  believe 
that  future  aircraft  that  are  designed  to  be  agile  will  likely  require 
turners  that  arc  agile.  f2)  Other  missions  possibly  making  use  of 
some  aspect  of  agility  are  transports,  utility  helicopters.  and 
perhaps  for  aati-submarine  warfare  aircraft.  These  may  not 
neceasanly  be  maneuverability  issues  rather  tasks  may  need  to  be 
done  fast  using  avionics  for  examfle  but  these  will  be  discussed 
shortly.  When  breaking  down  these  misiioni  into  possible 
profiles  and  then  further  into  MTEs,  some  commonality  will 
exist.  In  fact.  ADS-33C  hits  seven’  helicopter  MTEs  that  are 
clastic  maneuvers  to  investigate  handling  qualities  and  agility. 
Budding  a  library  of  typical  MTEs  will  be  of  benefit  a ad 
present*  an  opportunity  for  rouki -national  cooperation. 

Sgeellte  Fkfrtir  Metrics 

With  reduced  engagement  times  associated  with  modem  atMo-air 
combat  fighter  aircraft  are  required  to  respond  faster.  Metrics 
were  proposed  that  focussed  specifically  on  the  engagement 
phase  of  a  maneuver.  These  metrics  were: 

1)  Print  and  Shoot  comb*  analysis  (7). 

2)  Relative  Energy  State  (S). 

3)  Combat  Cycle  Time  (S). 

4)  Roiling  Agility  Metric  (8>. 

5)  Dynamic  Speed  Turn  (13). 

The  metrics  have  enabled  very  compel  valences  of  maneuver 
elements  to  be  evaluated  m  a  complex  minion  scenana  Close 
inspection  of  Ae  maneuver  sequence  reveals  that  these  metrics 
are  composed  of  numerous  experimental  metric  defined 
previously.  This  divacenttjc  makes  analysis  requirements  more 
logical. 

Sgcjgc  Httofttr  Maries 

Aa  increased  threat  from  caber  bebcopsen  as  nD  as  hostile 
grouad  weapon  system*  Ku  uscrea sed  die  need  for  hebcepser 
oonoeaknent  m  be  nsp-cf-the-earh  environment-  Thu  has 
forced  thr  i»*nr,  which  A«t  hefooprer  h  e  i  posed  in  •  very  short 
Anisic*.  This  emphasis  requires  a  good  knowledge  of  how  the 
hchoopfcr  performs  aggressively  m  the  NOE  «nrameaL 

The  discrete  maneuver  tasks.  On  preposed  by  Defence  Research 
Agency  Bedford,  and  moorpasued  into  ADS-33C,  were  selected 
to  fcpmws  rtaktdc  maneuven.(I9)  These  MTEs  wets: 

1)  bobspbeb  fora. 

2)  henft  hopping. 

2)  slalom, 

4)  ssdestejManmaafcfcnsJtk. 

5)  daah/qwck-saop. 


6)  scramble. 

7)  90  degree  bend  turn. 

8)  *S*  turn. 

9)  tnple  bend. 

10)  teardrop  turn. 

11)  puU-uf^push-over. 

12)  rearward  flight. 

TW  Engagement  Task 

To  i  Du  urate  bow  the  mettic  classification  scheme  can  be  applied, 
a  hypothetical  missile  engagement  sequence  for  a  fighter  aircraft 
wiQ  be  used  as  an  example,  for  this  situation  it  is  assumed  that 
the  aircraft  is  cruising  above  comer  vrloory  when  it  must  engage 
one  advma/y  and  recover  to  be  ready  to  engage  another 
adversary.  To  employ  Us  missile,  the  pilot  tt  required  to  pomt 
the  nose  of  the  aircraft  w*h  a  simultaneous  change  in  heading 
and  pitch  angle.  The  tniedme  for  the  sequence  is  shown  in 
Figure  13  and  is  based  on  the  scenario  shown  n  Figure  I  (op  to 
the  weapon*  launch). 

The  metric  hierarchy  facilitates  a  tep-down  analysis  approach. 
The  most  msportant  global  agibty  metric  is  the  time  to  complete 
the  missile  engagement.  The  more  agile  the  aircraft,  the  quicker 
this  task  can  be  completed.  A  designer  may  look  to  reduce  the 
engagement  time  so  ax  to  improve  chances  of  survival  and  also 
eaabtmg  the  aircraft  to  engage  mere  Areata. 

The  .naneuver  sequence  provides  a  basis  on  which  to  break  the 
task  into  MTEs.  These  include:  roil-*,  horizontal  turn,  rmsuic 
launch,  unload,  and  accelerate.  At  Ae  MTE  level.  Ac  designer 
can  identify  which  ramson  task  elements  n/a/c  the  reasons  for 
the  excessive  hmc  delay*  if  the  tune  taken  ■%  too  long.  Other 
operational  memo  specific  So  the  fighter  such  *  the  combat 
cycle  tmseft)  and  pointing  marguif?)  parameter  wiD  provide 
guidance  for  companion  So  Areal  knowledge  of  the  response  and 
launch  Umea.  The  heading  change,  which  for  a  current 
gearratio*  fighter  typically  beads  Us  fbgkt  path,  could  be 
improved  with  technologic*  that  permit  rapid  noae  pombng .  sods 
as  AratC  vectoring. 

The  wpnamul  mono  then  wrrrade  a  tool  to  investigate  Aose 
airframe  MTE  times  that  arc  too  long.  The  selection  of  whack 
experimental  utiio  are  sppropciate  would  depend  on  Ac 
n umou  act* mag.  For  example  Ac  roi-ui  could  be  characterised 
by  (he  toracnal  metric*  suds  as  the  LA.  TA.  Rod  Quickness 
Parameter,  or  Power  Rate.  The  rapid  ooac-pomtmg  wtA  Ararat 
veoonag  will  remit  a  a  large  drag  uscreaac.  so  Ac  power  rate 
metrics  mfl  Maul  in  analyzing  that  transition  eve*  Them  arc 
the  discrete  dsancaenstics  cf  Ac  MTE  under  *>c«»$ teion. 

Throughout  Ac  sequence  trtaect  metrics  idrntrfy  when  the 
peak  state  change  events  occur.  At  Asa  pomt.  Ac  components  of 
Ihe  agibty  vector  at  wel  as  more  tradmunaJ  metrics  sudi  at  Pi 
provide  direct  relation  So  recognizable  elements  ccnmtfrd  by  Ac 
Aligner  such  as  CLmax  or  T/W.  Tbs  procedure  occur*  tc  Ac 
lowest  level  of  detail  At  An  level  Ae  auiacuancrars  rttpnx 
of  Ae  aircraft  can  be  andyjed.  Another  ied»«tqoe  has  been 
proposed  by  Ae  AFFTC  os-ng  what  is  referred  lo  as  onset  and 
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SUMMARY 

This  paper  addresses  the  strengths  of  centrifuge 
simulation  to  provide  the  unfamiliar  and  severe  motion 
environment  associated  with  high  angle  of  attack  and 
post-stall  maneuvering.  The  approach  to  development 
and  testing  of  centrifuge  motion  control  algorithms  is 
outlined,  including  inherent  modeling  constraints  such  as 
3  degrees-cf-freedom,  estimated  humin  perceptual  models, 
and  the  machine-associated  mechanical/structural 
considerations.  Difficulties  of  algorithm  development 
are  illustrated  using  the  results  of  a  recent  flying  qualities 
experiment  initiated  to  study  the  effects  of  motion  on 
pilot  ratings  for  proposed  nose-down  control  power 
guideline  criteria.  Use  of  off-line  computer  models  to 
tune  algorithm  performance  is  also  presented.  Finally, 
current  capabilities  of  centrifuge  simulation  and  a 
discuss  ioo  of  future  applications  is  outlined. 
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1.  BACKGROUND 

Within  the  last  5  years,  technology  advances  in  aircraft 
control  are  facilitating  aircraft  maneuvering  up  through  90 
degrees  angle  of  attack  (AOA).  More  than  ever,  in  this 
new  flight  regime  pilots  arc  experiencing  unusual 
combinations  of  multi-axis  rates  and  accelerations.  This 
enhanced  maneuverability  (EM)  flight  environment, 
unfamiliar  to  the  pilot,  is  leading  to  new  engineering 
challenges  in  technologies  related  to  situational  awareness 
(SA),  spatial  disorientation  (SD),  and  increased  combat 
workload  associated  with  high  angle  of  attack  (HAOA) 
energy  management,  multi-target  tracking,  and  cockpit 
information  fusion. 

Current  EM  technology  areas  include  flying  qualities 
criteria  development,  human  factors  studies,  heads-up 
display  (HlID)  and  helmet  mounted/off-axis  display 
format  development  In  the  total  flight  simulation 
environment,  past  experience  has  shown  that 
conventional  fixed-based  and  limited  motion  platform 
simulators  can  provide  inappropriate  motion  cues  for 
Tighter  and  attack  aircraft  applications1.  To  adequately 
support  EM  technology  development  improvements  in 
bigb  fidelity,  safe,  reliable,  and  inexpensive  simulated 
motion  environments  for  piloted  flight  simulation 
operations  2rc  needed.  In  addition,  than  is  also  a  need  for 
improved  capability  to  simulate  the  effects  of  HAOA  and 
post-stall  (PST)  maneuvering  on  pilot  performance  of  air 
combat  tasks. 

The  combat  flight  environment  results  in  physical  and 
cognitive  stresses,  both  having  a  direct  effect  on  pilot 
performance,  fn  the  HAOA  flight  regime,  physical 
stresses  include  unusual  combination;  of  high  G-force. 
and  high  angular  rates.  Cognitive  stresses  include  tacucal 
decision  making,  weapons  selections,  target  acquisition, 
basic  flight  operations,  and  combat  communication. 
Cognitive  stresses  work  to  reduce  attention,  degrade  rapid 
decision  making,  and  induce  time  perception  anomalies. 
The  combined  effect  will  lead  to  higher  potential  for 
reduced  situational  awareness  and/or  some  degree  of  loss 
of  spatial  disorientalioo.  At  a  minimum,  the  pilot  will 
not  be  fully  utilizing  the  technology  benefits  provided  by 
advanced  design  EM  aircraft  without  some  improvement 
in  pilol/aircrafl  interface.  The  design  goal  is  to  minimize 
SD  and  maximize  SA  through  effective  design  of  cockpit 
layouts,  pilot  aide  systems,  and  advanced  display 
technologies,  all  combining  to  provide  optimum  tactical 
information  fusion.  The  modem  design  engineer  realizes 
uul  flying  qualities,  human  fasces  and  performance  can 
no  longer  be  adilicsscd  as  indqendcnl  design  disciplines 
Similar  to  the  concept  of  engtne/auframe  integration, 
there  exists  the  concept  of  pilot/ vehicle  interface.  *n 
aircraft  design  must  address  the  issue  of  tactical 
information  fusion  in  order  to  maximize  the  utility  of  the 
highly  augmented  pika/vchiclc  weapons  system. 

Although  conventional.  limited  motion-base  (up  to  6 
actuators)  simulators  have  been  successfully  used  for 
commercial  aviation  applications,  they  are  significantly 
limited  in  providing  the  necessary  motion  cues  associated 
with  the  highly  dynamic  motion  environments  of  fighter 
and  attack  aircraft  applications'.  In  addition,  past  studies 
have  demonstrated  (hat  rale  -augmented  vehicles  that 


exhibit  good  handling  qualities  in  flight  are  much  more 
difficult  to  control  on  ground-based  simulators1. 

Today,  a  strong  requirement  exists  for  a  simulator  capable 
cf  providing  a  realistic  biodynamic  (motion)  and 
cogt‘.*ive  stress  environment  for  use  in  developing 
co treat  technologies  including: 

a.  Situational  Awareness  and  Spatial  Disorientalioo 
R&D. 

b.  Displays  and  Information  Fusion  R&D. 

c.  A-A  and  A-G  Operadons  Training  (SD.  SA.  G- 
LOQ. 

d.  Flying  Qualities  Criteria  R&D  (including 
HAOA.  Departure,  and  Spin). 

e.  Sin^ator  Concepts  R&D. 

Furthermore,  a  fundamental  need  remains  for  realistic 
simulation  of  high  risk  testing  and  training  to  support 
research,  development,  lest,  and  evaluation  (RDT&E). 

2.  OBJECTIVE 

To  address  issue;  associated  with  the  EM  flight 
environment,  wc  need  a  cost  effective,  repeatable,  piloted 
simulation  which  places  the  pilot  and  the  developing 
technology  in  the  harsh  operational  environment.  This 
includes  subjecting  the  pitot  to  physical  and  cognitive 
stresses  he  must  face  and  overcome  during  actual  mission 
operations.  Improved  capability  to  simulate  the  effects  of 
HAOA/PST  tactical  maneuvering  on  pilot  performance  of 
A-A  and  A-G  mission  tasks  is  needed.  Although  several 
coooepts  exist,  ooe  approach  addressed  to  date  has  been  lo 
apply  motion  control  algorithms  with  human  centrifuge 
devices  to  create  a  closed-loop  (pilot  in  control) 
simulator.  The  design  objective  in  applied  centrifuge 
flight  simulation  is  to  develop  an  additional  flying 
qualities  and  human  factors  tool  for  research  and 
evaluation  of  the  effects  of  highly  dynamic  environments 
on  pilot  performance.  This  type  of  simulation  would  be 
used  when  sustained  motion  cues  arc  essential  in 
adequately  evaluating  closed- loop  piloted  tasks,  including 
the  Usks  previously  mentioned.  The  intent  is  to 
complement,  not  replace,  current  fixed  and  limited  motion 
simulation  by  providing  a  cost  effective,  safe  bridge 
between  current  ground  simulation  2nd  flight  test  for 
closed-loop  evaluations. 

Tbc  concept  of  centrifuge  flight  simulation  (CFS) 
continues  10  be  explored  at  the  Naval  Air  Warfare  Center. 
Aircraft  Division's  Dynamic  Flight  Simulator  (DFS) 
facility.  The  objective  of  this  paper  is  to  detail  tbc  utility 
and  limitations  of  CFS  as  an  CM  simulation  tool.  The 
discussion  includes  examples  cf  the  cost  benefit  design 
tradeoffs  requited  to  optimize  a  motion  control  algorithm. 
Examples  arc  drawn  for  a  developmental  evaluation  of  the 
DFS  conducted  to  modify  the  centrifuge  control  algorithm 
(CCA)  to  provide  adequate  motion  fidelity  to  support  a 
study  of  the  effects  of  muioo  on  proposed  HAOA  nose- 
down  control  power  guidelines.  Finally,  an  analysis  of 
the  effect  of  radius  on  motion  artifacts,  and  insight  00 
bow  to  cope  with  Coriolis  illusion  during  simulation 
operations  is  presented. 
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Figure  1  -  Gondola  Axil  Syitcm  Based  On 
Physiological  Axis  (Reaction)  Reference 


figure  2  -  Gondola  Axis  System  Based  On 
Standard  Aircraft  (Action)  Axis  Reference 


3.  SIGN  CONVENTION 

There  are  two  fundamental  axis  systems  used  to  reference 
DFS  gondola  parameters  during  closed-loop  piloted 
operations.  First,  the  Physiological  system  (Figure  1) 
defines  positive  parameters  relative  to  the  direction  in 
which  the  inertial  parameters  react.  Often,  linear 
acceleration  in  this  system  is  referred  to  as  Gx,  Gy,  and 
Gz,  which  can  also  be  referred  to  as  Nx,  Ny.  and  Nz. 
This  system  is  often  referred  to  as  the  reaction  system. 

Second,  the  standard  aircraft  axis  system  (Figure  2) 
defines  positive  parameters  relative  to  the  direction  of 
positive  net  linear  and  angular  acceleration  of  the  body. 
This  system  is  often  referred  to  as  the  action  system. 

It  is  important  to  note  that  these  axis  systems  share  the 
same  z-axis,  and  are  equal  and  opposite  relative  to  the  x- 
and  y-axes.  Therefore,  when  a  pilot  executes  a  right  hand 
climbing  turn  in  the  aircraft,  both  axis  systems  show 
positive  linear  and  angular  rale  and  acceleration  parameters 
because  relative  to  the  net  external  forces  acting  on  the 
system  1)  the  two  axis  systems  are  equal  in  magnitude 
and  opposite  in  direction,  except  +Z,  and  2)  the  inertial 
force  is  equal  in  magnitude  and  opposite  in  sign. 
Therefore,  as  long  as  sign  convention  is  maintained,  the 
transformation  matrices  for  both  systems  used  to  reference 
aireraft/gondola  parameters  may  be  applied 

4.  DYNAMIC  FLIGHT  SIMULATOR  (DFS) 

The  DFS  uses  a  16,000  horsepower  electric  motor  to 
rotate  a  50  ft  cantilever  arm  which  supports  a  .qoodoU  at 
the  tip.  The  pilot  begins  flying  the  DFS  by  facing  into 
the  tangential  velocity  vector  with  his  left  shoulder 
aligned  into  the  cantilever  arm  (which  is  the  general 
radius  of  curvature).  Rotation  is  to  the  pilots  left,  which 
corresponds  to  counter-clockwise  when  viewed  from  the 
to)  looking  down. 


The  gondola  is  supported  by  two  nested  gimbal  rings 
providing  the  ability  to  rotate  the  embedded  cockpit  about 
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Figure  3  -  Simplified  DFS  Setup 

two  fixed  gimbal  axes,  roll  and  pitch,  labeled  A-  and  B- 
gimbal  respectively.  The  inner  most  gimbal  axis  is 
oriented  in  pitcb,  and  tbe  outer  gimbal  is  oriented  in  roll. 
The  corresponding  A-  and  B  -gimbal  angle  motions  are 
commanded  using  shafts  driven  by  two  hydraulic  motors 
located  at  the  primary  bub.  An  illustration  of  tbe  DFS 
setup  is  presented  in  Figure  3. 

Tbe  A-  and  B-  gimbal  angles  are  similar  to  tbe  Euler 
angles  +  rod  9,  but  with  a  different  rotation  scheme  than 
normally  used  by  tbe  aircraft  community.  The  standard 
aircraft  Euler  angle  transformation  between  tbe  earth  to 
body  axes  occurs  as 
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However,  tbe  transformation  sequence  for  tbe  DFS  is 
assigned  as. 


were  designed  while  addressing  three  primary  constraints: 
1)  satisfactory  pilot  perception  of  a  6-OOF  sustained 
motion  environment,  2)  Rate  and/or  acceleration  artifacts 
minimized  to  be  within  pilot  tolerance,  and  3)  control 
gimbal  and  arm  response  characteristics  to  prevent  gimbal 
backlash  and/or  excitation  of  the  vertical  arm  oscillation 
mode  associated  with  tbe  cantilever  beam  arm. 


[  % = [b  a  =>  Vc]  [  ]b = GjfcrW^rt  ib 

[  ]b  =  [vc  =>  A  =>  b]  [  ]e  =  [B][A]lVct  ]c 


where,  yc  = 


(Ocdt 


Since  the  Euler  and  DFS  transformation  schemes  'vere 
different,  tbe  Euler  transformation  matrices  were  not  valid 
for  the  DFS.  The  DFS  was  controlled  by  a  CCA  which 
used  the  aircraft  states  Nx,  Ny,  Nz,  P,  Q,  and  R  as  inputs 
to  command  arm  rate  (Wc),  and  A-  and  B-gimbal  position 
commands.  coc,  A,  and  B  combiue  to  develop  a 
continuous  realistic  motion  environment  representative  of 
tbe  simulated  aircraft  state  as  perceived  by  the  pilot  in  the 
gondola.  Tbe  mechanical  system  constraints  include 
position  and  rate  limiters  on  the  A-  and  B-gimbals,  and 
angular  arm  rale  and  acceleration  limiters. 


5.  CENTRIFUGE  CONTROL  ALGORITHM 


A  properly  designed  CCA  is  tbe  key  to  producing  good 
motion  fidelity  on  centrifuge  flight  simulators.  Without 
an  adequate  CCA  tbe  centrifuge  recreates  tbe  aircraft  G 
vector  with  very  good  accuracy,  but  angular  motions  are 
also  created  which  produce  unrealistic  flight  sensations 
termed  as  rate  artifacts. 


The  goal  of  the  CCA  is  to  provide  motion  cues  to  tbe 
pilot  in  the  gondola  which  represent  an  equivalent 
perceived  motion  environment  characteristic  of  tbe  current 
aircraft  state.  The  CCA  utilizes  a  vector  transformation 
of  aircraft  body  axes  angular  rates  and  linear  accelerations, 
and  equations  of  motion  (EOM)  to  compute  the  necessary 
arm  rate  and  gimbal  positions  required  to  provide  the 
appropriate  linear  acceleration  vector  at  tbe  gondola 
station.  The  CCA  then  utilizes  feed-forward  gains  and 
filters  designed  to  induce  a  somatogravic  illusion  by 
application  of  translational  accelerations  which 
perceptively  counter  angular  artifacts  resulting  from  the 
reproduction  of  the  G-vcctor.  A  flow  diagram  of  this 
concept  is  presented  in  Figure  4.  The  CCA  augments  the 
physical  3-DOF  centrifuge  to  provide  a  sustainable  linear 
acceleration  field  which  closely  matches  the  aircraft. 
When  combined  with  a  washed  out  angular  motion,  the 
net  effect  is  designed  to  provide  an  effective  sustained  full 
motion  environment. 


Utilizing  the  fixed  CCA  architecture,  the  design  difficulty 
is  in  the  determination  of  the  proper  gtlns  and  filter 
parameter  values  which  produce  adequate  motion  fidelity. 
The  gains  and  filter  coefficients  used  in  the  DFS  CCA 


1  first  constraint  addresses  the  requirement  to  provide 
adequate  motion  response  (magnitude,  phase 
charactetistics,  and  onset).  Tbe  pilot  must  be  able  to  feel 
tbe  motion  he  is  commanding,  when  be  commands  it,  and 
in  tbe  proper  direction.  The  second  constraint  addresses 
the  necessity  to  minimize  artifacts  to  preclude  negative 
transferal  of  training,  simulator  sickness,  motion  cue 
mismatch,  or  general  pilot  discomfort.  If  tbe  pilot  is 
overwhelmed  by  artifacts,  he  will  not  believe  that  he  is 
conducting  flight  operations  thereby  reducing  the 
effectiveness  of  tbe  simulator.  Tbe  final  constraint 
addresses  tbe  real-world  mechanical  characteristics  of  the 
centrifuge  equipment  including  position  and  rate  limiters, 
payload  limits,  and  inertia  and  c.g.  characteristics.  The 
CCA  must  avoid  exciting  or  exceeding  mechanical  and 
structural  anomalies  which  could  taint  the  motion 
fidelity. 

The  original  architecture  and  gain  schedules  of  the  DFS 
CCA  were  based  on  Tbe  Pilot  Sensory  Estimation  Model 
(P3EM).  The  PSEM  was  experimentally  designed  to 
estimate  a  human  perception  of  a  given  orientation  from 
rates  and  accelerations  of  tbe  motion  environment  acting 
on  a  human.  Crosbie3  4  developed  this  model  using  data 
from  Cohen3  and  estimated  human  perception  of 
orientation  for  both  the  aircraft  pilot  and  the  centrifuge 
pilot  This  served  to  provide  a  mathematical  mapping  of 
tbe  linear  and  rotational  6  degrecs-of-frecdom  (DOF) 
aircraft  motion  environment  to  tbe  purely  rotation  3  DOF 
environment  of  the  DFS. 

The  limitations  of  Ibis  approach  include  the  assumption 
that  human  orientation  sensing  mechanism  can  be 
modeled  by  two  dynamic  systems  which  add 
independently.  An  angular  system  responds  to  angular 
acceleration  with  high  frequency  sensitivity,  but  loses 
importance  quickly.  The  linear  system  responds  to  linear 
acceleration  with  low  frequency  sensitivity,  and  provides 
an  attitude  reference  to  the  vertical.  Crosbic  asserts  that 
propci  combinations  of  existing  rates  and  accelerations  of 
tbe  3-DOF  system  can  be  used  to  produce  tbe  illusior  of 
rates  or  accelerations  which  are  not  present,  or  to  remove 
the  perception  of  an  unwanted  rate  or  acceleration  artifact. 
Thus  the  motion  provided  by  a  3-DOF  motion 
environment  can  be  summed  to  produce  a  6-DOF 
perceived  motion  environment.  For  many  applications, 
this  assumption  has  been  proven  successful,  however,  for 
some  applications  and/or  individual  pilots  it  has  been 
invalid.  Further  testing  and  development  is  necessary  to 
determine  tbe  best  applications  of  the  current  CCA,  as 
well  as  to  develop  improvements  to  the  current  approach. 
The  detailed  philosophy  and  developmental  testing  of  the 
baseline  DFS  CCA  is  presented  in  References  3, 4, 5,  and 
6. 
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Centrifuge  Control  Algorithm 


Figure  4  -  CCA  Flow  Diagram 


6.  G-BIAS  FUNCTION 

A  G-bias  function  is  used  in  the  CCA  to  provide  a  sense 
of  acceleration  unloading  when  the  pilot  commands  less 
titan  lg  flight.  To  avoid  extreme  rate  artifacts  and  harsh 
mechanical  stresses,  the  current  DFS  CCA  does  not  allow 
the  development  of  negative  Nz.  However  the  motion 
sensation  of  less  than  lg  flight  is  provided  by  reducing  the 
gondola  Gz  below  the  trim  plateau.  The  trim  plateau 
places  the  gondola  above  lg  when  the  aircraft  is  at  lg 
trimmed  flight  condition.  F.xperimcntal  operational  data 
has  shown  that  the  pilot  rapidly  adjusts  to  the  slightly 
elevated  g  environment  (1.4  to  2.0g)  and  perceives  a  lg 
flight  environment  during  trimmed  simulated  flight 
operations.  When  the  pilot  commands  less  than  lg,  the 
DFS  unloads  from  the  trim  plateau  G  to  a  minimum  of  lg 
(earth  gravity)  based  upon  the  G-bias  function.  Although 
the  sense  of  negative  G  cannot  be  easily  duplicated  using 
the  current  CCA,  the  unloading  from  trim  plateau  down  to 
lg  combined  with  visual  system  cues  provides  a  strong 
sensation  of  less  man  lg  flight  operations.  An  example 
G-hias  function  is  shown  in  Figure  5. 


Figure  5  -  Example  G-bias  Function  Operating  In  The 
Aircraft  Nz  Axis 

Finally,  the  G-bias  function  also  has  the  important  effect 
of  reducing  the  amount  of  gimbal  axis  rotation  needed  for 
radial  and  tangential  G  coordination.  At  the  transition  G, 
the  function  maps  aircraft  normal  acceleration  into 
centrifuge  acceleration  giving  a  1:1  correspondence.  Below 


the  transition  G,  the  DFS  provides  a  skewed  gondola 
cockpit  Nz  with  a  magnitude  greater  than  lg  and  less  than 
the  transition  G. 

7.  INHERENT  LIMITATIONS 

All  ground-based  flight  simulators  possess  inherent 
motion  and  visual  fidelity  limitations  in  comparison  with 
actual  aircraft  cxoericnce.  The  expanded  simulation  utility 
available  with  CFS  devices  also  has  inherent  limitations. 
These  limitations  include  1)  unrealistic  angular  velocity 
cross-coupling  resulting  in  a  mouon  artifact  termed  the 
Coriolis  Illusion,  2)  the  fact  that  the  earth's  gravity  field 
results  in  a  continuous  fixed  direction  and  magnitude 
linear  acceleration  component;  and  3)  centrifuge  payload 
weight  and  volume  constraints. 

The  Coriolis  illusion  is  the  cross-coupling  of  angular 
velocities  sensed  by  the  semicircular  canals  due  to  either 
head  motion  or  gimbal  actuator  motion  in  and  out  of  the 
plane  of  arm  angular  velocity.  Longer  radius  centrifuges 
need  less  angular  velocity  to  generate  required  acceleration 
magnitudes  and  therefore  exhibit  less  of  this 
phenomenon.  The  DFS  with  a  50  foot  arm  requires 
approximately  sixty  percent  of  the  angular  velocity  of  a 
20  foot  centrifuge  to  provide  a  given  normal  acceleration. 
Large  radius  centrifuge  designs  have  been  proposed  to 
minimize  the  Coriolis  Illusion  artifact.  Unfortunately, 
the  additional  tangential  acceleration  generated  on  these 
devices  results  in  a  different  undesirable  artifact  of  the 
simulation.  Estimated  motion  perceptual  stimulation 
generated  by  these  effects  for  various  radii  is  shown  in 
Figure  6. 

The  angular  rotation  inputs  resulting  in  Coriolis  Illusion 
most  prominent  at  the  initiation  of  arm  rotation  (start  of 
the  simulation).  For  some  pilots,  the  effect  can  be 
overwhelming  leading  to  simulator  sickness  or  severe 
discomfort.  However,  experience  has  shown  pilots 
rapidly  develop  tolerance  to  the  Coriolis  Illusion  quickly 
after  two  or  three  15  minute  exposures.  Some  pilots  can 
only  adapt  to  the  Coriolis  Artifact  by  minimizing  head 
movement,  while  other  pilots  adapt  and  ignore  the  effect 
altogether. 

The  cost/benefit  trade-off  of  large  radius  vs.  short  radius 
centrifuge  simulation  is  not  well  established.  The 
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Figure  6  -  CFS  Motion  Tradeoffs 


•  i 


primary  benefit  is  advertised  as  a  reduction  in  Coriolis 
Artifact.  However,  no  research  is  available  to  determine 
what  threshold  the  Coriolis  Artifact  must  be  below  in 
order  to  be  considered  sufficiently  diminished.  Thus,  no 
research  is  available  to  determine  wbat  the  radius  of  the 
centrifuge  should  be  for  the  minimum  design  threshold. 
Furthermore,  with  current  ?ST  aircraft  providing  300  to 
300  ft  turn  radius,  the  Coriolis  Artifact  will  also  be 
prevalent  in  the  cockpit.  Therefore,  to  provide  adequate 
motion  fidelity,  some  level  of  this  effect  may  be  required. 
Finally,  even  though  the  increased  radius  reduces  Coriolis 
artifact,  significant  angular  rate  artifacts  occur  as  a  result 
of  having  to  rapidly  align  the  pilot  into  the  G-vector. 

With  regard  to  the  second  noted  limitation,  the  magnitude 
of  acceleration  in  the  DFS  is  always  greater  than  lg.  As 
previously  discussed,  this  is  often  compensated  for  by  a  G 
bias  function  which  waps  aircraft  G *  into  centrifuge  Gz 
while  providing  capability  to  simulate  less  than  lg  flight. 
Applying  a  G  bias  function  to  other  than  the  z-axis  may 
allow  different  directional  compromises  which  may  be 
appropriate  for  some  applications. 

Finally,  the  restricted  weight  and  volume  constraints  of 
this  type  of  simulation  i  mi  educe  a  limitation  in  the  type 
cf  simulation  support  equipment  which  may  be  used. 
The  visual  display  system,  for  example,  must  be  small, 
lightweight,  and  able  to  withstand  the  forces 
representative  of  actual  flight.  This  results  in  secondary 
limitations  such  as  limited  field  of  view  which  arc 
affected  by  the  cost  to  design  unique  systems  for  this 
environment. 


8.  PHASE  I  EXPERIMENT:  INVESTIGA¬ 
TION  OF  EFFECT  OF  MOTION  ON  THE 
PROPOSED  NASA/NAVY  HIGH  ANGLE  OF 
ATTACK  NOSE  DOWN  GUIDELINE 
CRITERIA 

8.1  General 

In  November,  1989,  NASA  commenced  a  program  to 
investigate  and  establish  quantitative  high  angle  of  attack 
(AOA)  pitch  recovery  design  guidelines  and  to  develop 
flight  test  pitch  recovery  demonstration 
maneuvers/criteria.  The  research  program  was  termed 
HANG*-9,  which  referred  to  the  high  angle  of  attack  nose- 
down  guideline  criteria  which  was  to  be  the  end  product  of 
the  experiment.  The  effort  entailed  conducting  piloted, 
fixed-based  (no  motion)  simulation  experiments  which 
provided  necessary  daa  used  to  develop  preliminary  pitch 
axes  control  margin  criteria. 

The  criteria  accounted  for  two  levels  oi  flight  operations, 
namely  safety  of  flight  and  tactical  utility.  Based  upon 
analysis  and  correlation,  the  two  primary  parameters  of 
interest  were  decided  to  Le  pilch  acceleration  and  pitch 
rate.  These  parameters  were  measured  at  the  pinch  point 
(see  Figure  7).  Ba<cd  on  the  experimental  data,  NASA 
recommended  criteria  and  corresponding  magnitudes 
related  to  longitudinal  control  power  requirements  for 
HAOA  flight  operations. 

HANG  utilized  a  high  fidelity,  non-linear,  6  DOF 
F/A-18A  manned  simulation.  The  simulation  was  hosted 
on  the  NASA  Langley  Differential  Maneuvering 
Simulator.  Aerodynamic  data  and  flight  control  Saws 
were  modified  to  ensure  that  test  results  would  be 
representative  of  tactical  aircraft.  Additional  information 
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regarding  HANG  is  provided  in  References  1  and  3. 

NAWC  Patuxent  River  conducted  flight  tests  to  validate 
the  overall  research  test  results  and  methodology  by 
comparing  pilot  comments,  pilot  ratings,  and  aircraft 
response  characteristics  gathered  during  in-fligbt 
recoveries  from  HAOA  conditions  to  those  gathered 
during  the  fixed  base  simulation  sessions1'3  Bight  test 
results  provided  significant  differences  in  pilot  ratings 
than  those  obtained  from  the  fixed  base  simulation 
results.  The  differences  were  explained  as  the  result  of 
several  factors,  of  which  the  most  noteworthy  were  the 
lack  of  motion  cue  effects,  and  differences  in  the  actual 
aircraft  control  system  and  aerodynamics  between  the 
simulation  and  the  test  aircraft9. 


FULL  NOSE-DOWN  INPUT 


Figure  7  -  Definition  Of  ’inch  Point:  Lowest  Value  Of 
Available  Nose-Down  Cm  For  Full  Forward  Stick 
Input  As  Depicted  On  The  Cm  Vs  o  Curve 

The  NAWC  Flight  Dynamics  and  Controls  branch 
conducted  preliminary  analyses  which  indicated  the 
proposed  HANG  criteria  may  require  an  additional 
parameter  of  Nz  and/or  rate  of  change  of  Nz.  This  is 
based  on  the  following  3  DOF  equation  for  high  angle  of 
attack  flight  operations: 

A0  =  k-(±(a(AN,t,  -  A9  cos  0O)2 

+  b  (-(AN*  -  A0  sin  0o)):lh 
a  =  (sinJa0  +  Aa  sin  2a<>  +  Aa2  cos2  a0] 
b  =  [cosJa<,  +  Aa  sin  2a<,  +  Aa2  sin2  a0] 
k- - - 

(Vo  +  AV) 

Clearly,  the  inability  to  apply  small  angle 
approximations  significantly  complicates  the  relationship 
between  Nx.  Nz,  q  and  a  as  compared  with  the  familiar 

A0  =  ^-[±ANu,l. 

At  high  angle  of  attack,  pitch  rate  is  now 

AO  =  f(V«,  0o,  cto,  AV,  A0.  Aa,  AN,.  AN,), 
as  opposed  to 


A0  =  f(V„,  AN,). 

Humans  sense-self  motion  cues  via  the  vestibular  system 
(located  in  the  inner  ear)  which  consists  of  the 
semicircular  canals  and  otolith  organs.  Linear 
accelerations  are  perceived  from  visual  cues, 
somatosensory  information,  and  otolith  stimulation.  The 
otolith  organs  respond  to  force  similar  to  linear 
accelerometers.  Angular  motion  is  primarily  sensed  from 
the  semicircular  canals  which  act  similar  to  angular 
accelerometers  at  low  frequency  stimulus,  and  angular 
velocity  transducers  at  high  frequency  stimulus. 

The  pilot’s  ability  to  detect  pitch  motion  at  high  angle  of 
attack  is  a  complex  combination  of  both  linear,  angular, 
and  visual  stimuli.  The  hypothesis  is  that  during  HAOA, 
low  g  pitching  maneuvers,  pilots  cue  on  both  the  linear 
acceleration  changes  sensed  through  the  otolith  stimulus, 
as  well  as  the  angular  motion  sensed  via  the  semicircular 
canals.  Both  are  considered  to  be  important  in 
determining  pitch  motion  response  even  at  low  g,  low  q 
conditions.  Linear  acceleration  changes  occur  due  to 
aircraft  lift  and  the  movement  of  the  gravity  vector  with 
large  pitch  attitude  changes.  Therefore,  adequate 
determination  of  HAOA  control  margin  value  may  likely 
require  pilots  to  sense  motion  physically  as  well  as 
visually. 

8.2  Approach 

Since  1987,  NAWC  Warminster  has  been  developing 
improvements  to  the  Dynamic  Bight  Simulator’s  (DFS) 
hardware  and  Centrifuge  Control  Algorithm  (CCA)  in  the 
development  of  a  limited  flying  qualities  and  human 
factors  simulation  tool  to  be  used  when  the  sustained 
dynamic  environment  of  actual  flight  is  necessary  in  the 
RDT&E  experiment.  Recently,  developmental 
evaluations  at  the  DFS  have  demonstrated  the  potential  to 
produce  the  fidelity  required  to  conduct  a  pitch  axis  flying 
qualities  experiment  such  as  NASA’s  HANG 
investigation.  The  adjutage  of  using  the  DFS  over  fixed 
base  and  conventional  motion  base  simulation  is  the 
ability  to  provide  a  sustained  motion  environment. 

Repeating  the  NAWC  Patuxent  River  study  in  the  DFS 
using  a  generic  fighter  aircraft  would  allow  a  direct 
evaluation  of  the  effects  of  motion  or  pilot  ratings  and 
their  correlation  with  the  HANG-proposed  criteria  because 
the  exact  same  aircraft  model  and  cockpit  will  be  used 
with  and  without  motion.  Therefore,  the  effect  of  motion 
on  pilot  ratings  obtained  during  control  power  analyses 
tests  could  be  assessed  using  the  exact  same  aircraft 
control  system  and  aerodynamic  model. 

The  test  program  was  designed  as  a  two  phase  effort. 
First,  developmental  testing  was  conducted  to  adjust  the 
CCA  to  provide  the  necessary  motion  fidelity  for  the 
HANG  experiment  to  be  conducted  on  the  DFS.  This 
included  piloted  developmental  testing  of  the  CCA  to 
determine  the  necessary  gain  constants  and  G-bias 
function  to  provide  adequate  Nz,  Nz,  and  pitch  response 
onset,  perceptual  magnitude,  and  phase  while  potentially 
sacrificing  some  lateral  and  directional  axes  motion 
fidelity. 
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Phase  II  wil|  investigate  the  effects  of  motion  on  pilot 
evaluation  of  nose  down  control  power  using  the 
proposed  NASA  guidelines.  Any  differences  in  pilot 
ratings  of  maneuvers  performed  with  and  without  motion 
will  be  studied;  and  if  necessary,  proposed  modifications 
to  NASA's  HANG  requirements  will  be  provided  based 
upon  experimental  data  obtained.  The  results  of  Phase  I 
testing  are  covered  in  this  paper.  Phase  II  testing  is 
pending. 

8.3  Simulator  Cockpit  Description 

Tests  were  conducted  using  the  light  weight  cockpit 
(LWC)  assembly  incorporated  into  the  DFS.  The  LWC 
had  an  F-16A  throttle  quadrant  and  side-stick  controller. 
Thrust  vectoring  was  controlled  using  (he  trigger  switch 
on  the  side-stick  controller.  Spcedbrakes  were  provided 
via  a  switch  on  the  throttle.  The  scat  base  was  the 
standard  F-18  SJU-5A/6A. 

The  visual  system  was  a  three  display/channcl  Paragon 
system  providing  120  deg  horizontal  by  30  deg  vertical 
field-of-vicw  (FOV).  The  FOV  was  enhanced  by  a  light 
dome  grid  superimposed  onto  the  visual  scene.  The  grid 
provided  additional  spatial  orientation  (including  rate 
sensation)  during  large  pitch  altitude  tasks.  The  visual 
database  was  representative  of  die  northern  Philadelphia 
area.  The  HUD  was  superimposed  onto  the  center  visual 
display.  The  HUD  format  is  based  upon  the  bascb'nc  F- 
18  format  and  modified  with  an  AOA  tape  which  indicated 
AOA  up  to  80  deg. 

Data  was  collected  using  an  embedded  digital  data 
collection  system  for  post-flight  analysis,  and  strip  chart 
recorders  for  real  lime  monitoring.  The  plot  controlled 
digital  data  collection  record  numbers  via  the  jeddle 
switch  on  the  stick  grip. 

8.4  Aircraft  Simulation  Model  Description 

The  aircraft  simulation  model  used  for  the  experiment  was 
the  Generic  Fighter  Aircraft-Modified  (GFAM).  GFAM 
was  a  modified  version  of  the  Generic  Fighter  Aircraft10 
dcvclo|)cd  for  real-time  fixed  base  simulation  at  NAWC 
Warminster.  The  model  utilized  a  modified  F-18 
aerodynamic  database  which  incorporated  an  F- 15  pitching 
moment  curve  (stable).  Thrust  was  provided  by  a 
simplified  F-l  10  engine  simulation  which  approximated 
engine  dynamics  using  first-order  lags.  Thrust-to-wcight 
ratio  initialized  at  1.0  (Sea  Level,  static)  and  could  be 
modified  real-time,  on-line  during  operations. 

The  generic  control  system  included  full  state  feedback  for 
stability  and  control  augmentation.  In  addition,  the 
GFAM  incorporated  pitch  and  yaw  thrust  vectoring  with 
departure  resistance  allowing  controlled  maneuvering  up 
through  90  deg  AOA.  The  flight  envelope  was 
approximately  200  KCAS  to  1.0  M,  Sea  Level  to  50000 
ft.  Thrust  vectoring  was  blended  with  aerodynamic 
control,  with  full  authority  available  at  dynamic  pressures 
below  100  psf. 

The  primary  advantage  of  the  GFAM  is  die  ability  to 
modify  aircraft  characteristics  real-time.  Results  from 
qualitative  evaluations  indicate  that  the  GFAM  model  bad 
to  have  handling  qualities  at  essentially  between  levels  1 


and  211,  and  was  therefore  satisfactory  for  the  purposes  of 
the  DFS/1IANG  Evaluation. 

Control  power  was  modified  by  changing  thrust  vector 
angle  authority  or  the  location  of  the  pinch  point.  In 
addition,  the  characteristics  of  the  Cm  vs  a  curve  were 
changed  by  adding  a  band-width  about  the  pinch  point. 
This  is  illustrated  in  figures  8  and  9. 


Figure  8  -  Incorporation  Of  A  Bend  Point  Into  Tne 
Existing  Cm  Curve 


Figure  9  •  Incorporation  Of  A  Bend  Foil”  With  A 
Bandwidth  Into  The  Existing  Cm  Curve 

9.  RESULTS  AND  DISCUSSION 


9.1  Initial  Assessment 

Three  pilots  were  utilized  to  develop  the  appropriate  gain 
and  filter  parameter  values.  The  test  pilots  included  both 
NASA  and  Navy  pilots.  In  all  cases  the  pitots  were  fust 
introdu.ted  to  the  GFAM  in  the  static  mode  to  acquire 
familiarity  with  the  flight  characteristics.  An  immediate 
illustration  of  the  effect  of  motion  on  a  pilot's  perception 
of  flying  qualities  was  obtained  after  the  pilots  flew  the 
model  in  the  full  envelope  (baseline  CCA)  DI-'S  dynamic 
environment. 

During  sialic  operations  (no  motion),  the  pilots  conducted 
qualitative  evaluations  of  the  aircraft  handling  qualities 
Each  pilot  noted  that  the  aircraft  stick  sensitivity  was  too 
low,  resulting  in  sluggish  rcs[x>nsc  characteristics  in  the 
longitudinal  and  lateral  axis.  During  static  test 
operations  the  GFAM  model  was  modified  on-line  to 
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provide  five  times  the  longitudinal  stick  force  to  control 
surface  ratio,  six  times  the  lateral  stick  force  to  control 
surface  gearing  ratio,  and  a  roll  S  AS  feedback  three  times 
the  baseline  value.  Modifications  were  implemented  in 
an  effort  to  increase  rate  sensitivity  based  upon  pilot 
comment  When  flying  the  GFAM  in  this  configuration 
the  pilot  felt  that  the  rate  sensitivity  was  indicative  of 
current  fighter  aircraft  characteristics. 

During  the  first  flight  in  the  dynamic  mode  (full  motion 
environment),  each  pilot  was  given  the  baseline  GFAM 
model  with  no  modifications  (gain  changes)  embedded. 
After  re-evaluation  of  the  rale  sensitivity  characteristics, 
two  pilots  now  stated  that  the  rate  sensitivity  was  too 
high,  and  the  Navy  pilot  stated  that  it  was  satisfactory  to 
slightly  high. 

The  reason  the  pilots  reversed  their  assessment  of  the  rate 
sensitivity  characteristics  is  readily  explainable.  In  the 
static  mode,  the  pilot's  only  motion  feedback  to  command 
input  was  the  visual  system.  However,  in  the  dynamic 
mode,  the  motion  feedback  includes  linear  acceleration 
(Nx,  Ny,  Nz)  and  angular  rates  (P,  Q,  and  R).  The 
additional  feedback  to  the  human  motion  perceptual 
system  improved  the  ability  of  the  pilot  to  detect  aircraft 
response  and  therefore  changed  his  perception  of  the  rate 
sensitivities.  This  simple  example  serves  to  demonstrate 
the  effects  of  motion  on  a  pilot's  rating  of  closed  loop 
handling  qualities  characteristics.  Clearly  moliou  will 
significantly  effect  pilot  ratings  of  more  complex  tasks 
such  as  carrier  operations,  low  level  terrain  following,  A- 
A  and  A-G  combat  and  aerial  refueling. 

9.2  CCA  Modifications  For  Improvtd  Pitch 
Response  Characteristics 

Approximately  5  hours  of  dynamic  flight  operations  were 
conducted.  After  each  pilot  was  familiar  with  die  aircraft 
handling  qualities  and  motion  flight  environment,  CCA 
gain  and  parameter  values  were  varied  systematically  in  an 
attempt  to  provide  increased  motion  perception  of  Nz, 
Nx,  and  pitch  rate  beyond  that  provided  by  the  baseline 
full  envelope  CCA.  The  basis  was  that  the  lateral  and 
directional  motion  fidelity,  and  full  envelope  capability 
could  be  sacrificed  to  provide  a  higher  fidelity,  limited 
envelope  motion  algorithm  specifically  designed  for  tbs 
DFS/HANG  evaluation.  At  completion  of  this 
developmental  testing,  the  pilots  felt  that  several  motion 
fidelity  deficiencies  required  improvement.  These 
deficiencies  inc.jdcd  low  sensation  of  pitch  rate  and  Nz 
unloading,  delays  in  onset  cf  Nz.  roll  rate  artifacts  felt 
during  pushover,  and  motion  perception  conflict  with  the 
visual  system  during  pushovers  with  rapid  i.x'eascs  in 
airspeed. 

Consequently,  to  better  simulate  the  motion  environment 
of  a  HAOA  pushover  maneuver,  several  modifications  to 
the  baseline  CCA  were  required.  Ibcse  included 
increasing  pitch  rate  response,  minimizing  onset  of 
gondola  Ny  and  roll  response  to  g-onset,  and  providing  a 
trim  g  plateau  to  allow  for  sufficient  G-unloading 
concurrent  with  the  pushover. 


The  following  example  test  point  illustrates  the  difficulty 
in  providing  precise  motion  fidelity  re.  ••!f-d  for  a  flying 
qualities  investigation.  FigureslO.il.  12  are  the 
time  history  plots  of  a  representative  push*.  maneuver 
used  to  assess  control  power  response  at  HAOA.  The 
trim  g  plateau  was  2.0g,  which  represented  the  DFS  state 
when  the  aircraft  was  at  lg,  trimmed,  level  flight.  The 
pilot  initiates  the  pushover  input  at  t  =  12.4  sec  from  an 
initial  flight  condition  of  approximately  28,000  ft  msl, 
92  KCAS,  and  30  deg  AOA.  The  plots  show  the  aircraft 
cockpit  and  gondola  c.g. -referenced  state  conditions.  The 
solid  line  is  the  GFAM,  and  the  dashed  line  represents  the 
DFS.  The  DFS  traces  are  computed  from  a  validated 
batch  simulation  model  of  the  DFS  driven  using  the 
GFAM  data.  Note  that  the  pushover  includes  an 
inadvertent  pilot  commanded  roll  input 

In  this  case,  the  increased  pitch  sensitivity  resulted  in  a 
force  fight  between  the  nose-up  B-gimbal  command 
(Figure  10)  component  required  to  provide  an  unloading 
sensation  in  Nz,  and  the  nose-down  B-gimbal  command 
component  required  to  provide  the  nose-down  pitch  rate 
sensation.  When  summed,  the  effect  was  to  provide  a 
fairly  constant  net  B-gimbal  command  position  over  the 
initial  response  (<  2  sec)  time  interval  of  the  commanded 
pushover  maneuver.  The  constant  B-gimbal  position 
resulted  in  a  reduced  perception  of  Nz  and  Q  magnitude. 
Some  sensation  in  unloading  was  provided  via  Nx,  and 
was  later  boosted  in  an  attempt  to  provide  better  motion 
fidelity.  However,  each  attempt  to  provide  better  pitch 
response  resulted  in  more  Nz  response  lag.  The  test 
pilots  noted  the  limited  magnitude  and  delayed  pitch 
response,  whi*-h  was  prevalent  until  the  aircraft  nose 
attitude  dropped  through  the  horizon.  Consequently,  the 
pilots  rat'd  the  modified  CCA  as  providing  poor  pitch 
response  fidelity  during  HAOA  pushover  task-;. 

9.3  Roll  C  haractcristics 

The  effect  of  gimbal  command  fight  was  noted  in  the  roll 
axis  as  well.  During  a  simulated  pure  pushover 
maneuver,  the  CCA  commands  the  gondola  to  roll  right 
in  order  to  reduce  Nz  in  the  gondola  (see  Figures  10. 1 1, 
and  12).  If  a  pilot  conducts  a  pure  roil  input  at  lg.  the 
CCa  provides  a  roll  sensation  similar  to  the  aircraft 
where  left  stick  provides  let)  roll  in  the  gondola  (sec 
Figure  13).  When  a  pilot  combines  a  left  roll  with  a 
pushover,  the  A-gimbal  command  incrcircn.  for  Nz  is 
summed  with  the  A-^iinbal  command  increment  for  roll 
attitude  change.  The  net  command  results  in  a  positive 
gondola  roll  rate.  Recalling  the  example  pushover  sbov.  n 
in  Figure  12,  note  that  the  body  axis  roll  rate  of  tbc 
gondola  was  to  the  right  even  though  the  aircraft 
simulation  was  rotting  left.  During  roiling  maneuvers 
the  pilot  never  commented  that  he  felt  bis  roll  rate  was 
opposite  to  aircraft  roll  rate.  Tbc  visual  system  provided 
a  strong  effect  in  convincing  the  pilot  of  bis  roll 
direction.  However,  if  the  pilot  had  been  tasked  to 
exiiicitiy  assess  roll  characteristics  (thereby  directing  bis 
attention  to  the  roll  axis),  it  is  likely  that  be  would  have 
noticed  this  anomaly.  In  addition,  the  primary  emphasis 
of  the  DFS/HANG  program  was  to  assess  pitch  response, 
which  may  haw  result  in  reduced  awareness  of  lateral  and 
directional  axis  artifacts. 
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Figure  10  -  osg,  Ac,  and  Bc  Time  Histories  During  A  30  Deg  Pushover 


Figure  12  -  P,  Q,  acd  R  Tune  Histories  During  A  30  Deg  Pushover 


Figure  13  -  Pure  Velocity  Vector  Left  Roll  From  a  30  Deg  AOA  Stabilized  Plight  Condition.  Tune  History  Data 
Computed  Using  GFAM  State  Data  As  Input  To  Drive  A  CCA  Batch  Simulation  Model.  Input  Data  Was  Tbe  GFAM 
30  Deg  AOA  Pushover  (Figures  10. 11,  and  17.)  Modified  Off-  line  To  Represent  A  Pure  Velocity  Vector  Roll. 
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Keep  in  mind  that  for  a  single  axis  lateral  input  such  as  a 
left  aileron  roll,  the  CCA  will  command  the  gondola  to 
roll  left  as  expected.  However,  a  command  figbt  occurs 
when  a  left  roil  axis  and  a  nose-down  pilch  axis  input  are 
combined,  thereby  leading  to  delays  and/or  reduced 
magnitude  sensations  of  rolling.  Avoiding  command 
fights  associated  with  multiple  axis  inputs  requires 
establishment  and  incorporation  of  a  command  path 
hierarchy  into  (he  CCA.  The  hierxchy  would  provide 
precedence  to  designated  control  paths  thereby  minimizing 
the  state  delay  and  magnitude  loss  associated  with  the 
command  Tight.  Until  this  is  accomplished,  motion 
artifacts  such  as  pure  delays,  lags,  phase  reversals,  and 
reduced  magnitude  commands  will  likely  adversely  affect 
motion  fidelity. 

9.4  Effect  Of  Visnal  System  On  Perception 
Of  Motion 

The  visual  system  is  paramount  to  the  success  of  the 
CCA  in  the  DFS.  An  earlier  discussion  pointed  out  the 
tremendous  change  in  pilot  perception  of  aircraft  response 
when  a  full  motion  environment  was  added  to  augment 
the  visual-only  cues.  In  the  same  manner  it  must  be 
emphasized  that  the  visual  system  substantially  facilitates 
human  motion  perception. 

Several  studies  to  date  have  provided  qualitative  data 
confirming  (hat  the  visual  system  augments  the  sense  of 
commanded  motion  felt  by  the  pilot,  and  it  attenuates 
many  of  the  motion  artifacts  associated  with  centrifuge 
exposure.  For  example,  during  routine  flight  operations, 
the  extraneous  roll  pitch,  and  yaw  motion  cues  associated 
with  routine  (benign)  flight  operations  are  not  apparent  to 
the  pilot  except  via  the  visual  system.  On  the  other 
band,  as  discussed  previously,  roll  rates  in  the  gondola 
which  were  opposite  to  the  pilot  command  were  not 
noticeable  to  the  pilot.  The  visual  system  was 
successfully  utilized  to  diminish  the  effect  of  the  apparent 
motion  artifact. 

9.5  Transient  And  Long  Term  Response 
Motion  Fidelity 

During  piloted  operations,  several  HAOA  pushover  test 
points  were  conducted  while  varying  CCA  filter  parameter 
and  gain  values.  The  results  of  these  tests  indicated  that 
achieving  adequate  motion  fidelity  for  short  term  flying 
qualities  criteria  development  may  require  a  close  match 
in  gondola  and  aircraft  states  during  the  initial  (t  S  1  to  2 
sec)  motion  response. 

During  short  duration  HAOA  pushover  maneuvers 
unloading  the  aircraft  approximately  O.Sg.  the  DFS 
unloads  from  approximately  2.0  g  to  1.5  g.  Pilot 
comments  indicated  that  to  provide  satisfactory  initial 
onset  motion  fidelity,  the  DFS  should  provide  the  same 
relative  initial  response  characteristics  (pure  delay,  phase 
lag.  magnitude  ratio)  as  the  actual  aircraft.  Furthermore, 
the  pilots  indicated  that  following  initial  onset  of  motion, 
the  perceived  motion  environment  improved.  Injetarl, 
during  tasks  where  the  motion  effects  were  importun 
beyond  motion  onset,  the  CCA  provided  better  motion 


fidelity  than  for  tasks  which  were  short  duration  (t  S  I  to 
2  seconds)  and  primarily  dependent  on  initial  response 
fidelity. 

It  is  difficult  to  determine  the  actual  point  where  human 
perception  to  motion  begins  to  be  dominated  by  the 
sustained  steady  state  motion  cues  relative  to  the  trasx.'K 
initial  response  cues.  Fortunately,  it  is  not  as  difficult  to 
classify  most  flight  tasks  as  short  duration  or  long  term 
For  example,  assessing  the  ability  of  a  pilot  to  capture  30 
deg  AOA  from  a  step  input  is  a  short  duration  task. 
However,  studying  pilot  workload  daring  A-A  tracking, 
or  approach  to  landing  is  a  typical  long  term  task.  Based 
on  these  results,  the  utility  of  the  current  CCA  and  DFS 
setup  is  best  suited  for  long  term  analyses  such  as  pilot 
workload,  advanced  displays  development,  situational 
awareness  and  spatial  disorientation  studies,  and  ci-.kpil 
information  fusion  RDTAK  Hying  qualities  criteria 
development  is  difficult  to  accomplish  on  the  current 
configuration  due  to  the  problem  in  providing  the  short 
term  response  motion  fidelity. 

Consequently,  if  modifying  the  CCA  lor  specific  short 
term  (lying  qualities  programs,  the  gain  and  filter 
parameter  values  should  be  set  to  allow  <hc  onset  of 
motion  to  closely  represent  the  primary  cues  for  the  task 
When  studying  pitch  capture  tasks,  some  fidelity  can  he 
sacrificed  in  the  roll  axis  lo  allow  better  pitch  response 
motion  fidelity  However,  care  must  be  fcicn  to  prevent 
motion  fidelity  anomalies  which  cannot  be  ignored  by  the 
piles,  or  which  result  tn  negative  transfer  of  training 

Sacrificing  motion  fidelity  in  various  flight  regimes  or 
axes  is  an  inefficient  approach  in  applying  a  motion 
control  algorithm  to  a  specific  experiment  However, 
given  the  many  constraints  associated  with  development 
of  a  CCA  for  a  particular  centrifuge  device,  it  offers  one 
low  cost,  rapid  approach.  This  is  particularly  true  for  a 
motion  control  algorithm  with  fixed  architecture,  gam. 
and  filter  parameter  schedules.  In  the  near  future,  ibe  use 
of  multi-variable  optimum  control  schemes  may  provide 
better  optimization  performance  and  motion  fidelity.  Use 
of  a  neural  network  control  scheme  will  likely  be  the  best 
approach  since  the  optimization  problem  is  not  clearly 
defined,  and  Ibe  current  human  motion  perception  models 
provide  limited  accuracy. 

9.4  Effect  Of  Absolute  Magnitude  And  Rate 
Of  Change 

Another  important  consideration  related  to  near-term 
response  is  the  relationship  of  absolute  state  magnitude  to 
the  magnitude  of  the  stale  rale  of  change  from  a  given 
datum.  During  aircraft  lg  trimmed  (light  conditions,  the 
DFS  pilot  is  subjected  to  steady,  non-zero  roll  rate,  pilch 
rale,  yaw  rate,  and  elevated  Nz  state  coodiuons  in  the 
gondola.  The  non-zero  rales  and  elevated  Nr  state  are 
computed  by  the  CCA  using  the  aircraft  trim  state  inputs. 
Consider  the  case  of  a  genetic  aircraft  trimmed  at  0.5  M. 
15, COO  ft  mil.  A  comparison  of  the  DFS  and  simulated 
aircraft  stale  parameters  is  presented  in  Table  I. 

After  approximately  30-45  seconds  the  pilot  adjusts  to  the 
constant  rotatioa  thereby  perceiving  an  aircraft  lg 
trimmed  environment.  The  bias  P.  Q,  R.  aid  elevated 
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trim  Nz  state  associated  with  the  constant  lining  of  the 
DF5  was  washed  out  of  the  pilot's  motion  senses,  and 
thus  became  the  motion  threshold  point.  The  assumption 
was  that  during  maneuvering  flight,  the  pilot  senses 
deviations  in  gondola  stales  about  the  nominal  DFS  trim 
stats  as  if  the  changes  were  in  the  actual  aircraft  states 
about  the  aircraft  trim  state. 

During  DFS/HANG  pushover  tasks,  pilots  noted  that  the 
sensation  of  negative  pitch  rate  was  minimal  in 
magnitude  Mid  difficult  to  sense.  A  comparison  of  aircraft 
commanded  pitch  rate  versus  DFS  pitch  rate  (see  Figure 
12)  showed  that  a  negative  body-axis  pitch  rale  -*ver 
actually  occurred.  There  is  only  a  decrease  in  pit  rate 
from  the  nominal  value  representative  of  the  steady  state 
flight  condition.  This 

suggested  that  independent  of  the  fact  that  the  gondola  is 
subjected  to  continuous  arm  rale,  me,  it  was  very  difficult 
to  convince  the  pilot  that  a  negative  pitch  rale  was 
occurring  because  he  was  being  continuously  subjected  to 
a  large,  positive  pitch  rate.  Unfortunately,  due  to  the 
Urge,  inherent  DFS  yaw  rate  bias,  there  may  also  be 
difficulty  in  adequately  simulating  the  yaw  rate  sensations 
associated  with  maneuvers  such  as  HAOA  stability  axis 
rolls. 


Table  I 

Comparison  Of  Trim  States  F  -tween  A 
SimuUted  Aircraft  And  T’  D1  i  Gondola  C.G. 


Parameter 

Vi-iaft 

DFS 

SstahWe*) 

•  I'LroflEU) 

- 

Ptrimftfcl) 

4.04 

- 

Ac  (deg) 

- 

-59.94 

Be  (deg) 

• 

2.03 

toe  (deg/sec) 

- 

-60.44 

Ns(g) 

0.0706 

0.0706 

NV(I> 

0.0000 

0.0000 

Nz<«)  _ 

0.9975 

1.9949 

P(deg/*c) 

0.00 

1.07 

0(de*Aec) 

0.00 

52.3 

R  (del/sec) 

0.00 

-30.3 

9.7  Developing  »>FS/HANG  CCA 
Performance  fcMprovemeats  Using  Batch 
Simalatloa 

A  batch  simulation  model  of  the  CCA  and  DFS  primary 
mechanical  characteristics  was  utilized  to  conduct  off-line 
developmental  testing  far  improvements  to  the 
DFS/HANG  CCA.  The  batch  simulation,  desigr  ted 
Centrifuge  Right  Simulation  Analysis  and  Valid^ion 
Tool  (CFSAVT).  can  be  driven  using  a  3-DOF  generic 
fighter  aircraft  model,  or  by  actual  aircraft  data  flies. 
CFSAVT  allows  both  developmental  analyses  of  the 
CCA  and  comparison  of  actual  DFS  data  results  with 
ettimated  (predicted)  results.  The  model  was  validated 
using  actual  DFS  and  GFAM  test  data.  The  major 
benefit  of  CFSAVT  is  that  it  provides  a  low  cost,  rapid 
jqsprcachto  experimenting  with  new  parameter  values  and 
model  architectures. 

Using  both  pilot  comments  and  quantitative  data  results, 
several  combinations  of  CCA  parameter  values  were 


tested  off-line  using  CFSAVT.  Selected  mortifications 
were  implemented  into  the  interim  HANG  CCA 
cooflguratioG  developed  during  on-line  developmental 
testing  in  Phase  1  of  the  HANG/DFS  program.  As  with 
every  optimization  problem,  several  proposed  CCA 
parameter  value  combinations  provide  the  improved 
performance  in  Nz  and  Q  response,  but  also  resulted  in 
severe  undesirable  motion  artifacts  in  Nx  and  Ny. 

The  best  results  to  date  (Figure  14)  show  a  significant 
(5051)  reduction  in  the  Nz  and  Q  onset  delay  with 
minimal  change  in  artifacts.  Unfortunately,  adjustments 
in  CCA  grin  and  parameter  values  had  only  minimal 
effect  on  improving  the  response  magnitude  in  Nz  and  Q. 
If  the  reduction  in  onset  delay  combined  with  the  current 
response  magnirudr*  in  Nz  and  Q  fail  to  provide  sufficient 
motion  fidelity,  it  is  likely  that  CCA  architectute 
modification  will  be  required.  This  would  also  include 
the  addition  of  control  command  hierarchy. 

IB.  LESSONS  LEARNED 

Over  the  last  two  yean,  significant  improvements  have 
been  accomplished  on  the  baseline  motion  control 
algorithm  of  the  DFS.  Pilot  comments  and  quantitative 
data  from  Phase  I  of  DrS/HANG  program  are  being  used 
to  design  proposed  corrections  for  Phase  II  of  the  project 
Batch  computer  modeling  is  being  utilized  to  facilitate 
this  effort  in  a  cost  effective  manner. 

Following  Phase  I  of  the  DFS/HANG  investigation 
several  lessons  learned  were  noted  with  regard  to  motion 
control  algorithm  development.  Rest,  when  using  fixed- 
architecture.  fixed-grin  motion  control  algorithms,  it  may 
be  required  to  optimize  the  algorithm  to  a  specific  portion 

of  the  flight  envelope.  This  is  done  to  provide 
satisfactory  motion  fidelity  for  conducting  flying  qualities 
and  human  factors  RDTftE  projects  where  the  initial 
motion  response  characteristics  are  paramount  to  the 
success  of  the  study.  By  limiting  the  flight  envelope, 
motion  fidelity  on  one  axis  can  be  reduced  to  improve  the 
motion  fidelity  of  the  more  important  axis  (as  dictated  by 
project  requirements).  Of  course,  this  limits  the  utility 
and  efficiency  of  the  device,  and  should  not  be  the  end 
goal. 

Developmental  testing  of  CCA  performance  continues  to 
be  heavily  required.  Computer  math  modeling  has 
reduced  this  effort;  however,  due  » the  wide  perceptual 
response  bandwidth  of  pilots,  piloted  developmental  test 
is  necessary  for  filial  adjustment  and  validation  of  the 
control  algorithm  and  its  related  performance.  This  is 
particularly  important  since  human  models  of  perceptual 
response  have  significant  limitations,  including  the 
inherent  limited  ability  for  validation. 

Project  experience  indicates  that  maximum  utility  of 
centrifuge  flight  simulation  will  occur  when  combined 
with  a  team  of  CFS-rated  pilots.  These  pilots  would 
possess  the  ability  to  differentiate  between  motion, 
visual,  and  aircraft  mode!  simulation  fidelities  Selected 
pilots  should  be  test  pilot  school  graduates  to  facilitate 
operations  and  letter  interface  with  engineers  and  test 
conductors.  Finally,  these  pilots  would  have  minimal 


<D 


$ 


•  9 


•  9 


AC  (*•»*•  mm£)  •  *4 


susceptibility  to  motion  sickness,  and  the  effects  of  the 
Coriolis  artifact. 

Dedicated  development  of  motion  control  algorithm 
technology  for  sustained  motion  simulators  is  needed.  To 
dale,  the  primary  research  has  been  directed  in  a  limited 
prototype  approach  to  devise  a  motion  control  algorithm 
for  centrifuge  flight  simulation.  Research  should  now  be 
directed  toward  the  determination  of  methods  to  devise 
coutrol  architectures,  gain  schedules,  and  cost  functions 
for  optimal  control  of  CFS.  This  includes  addressing  the 
utility  of  artificial  intelligence  and  neural  network 
schemes  on  non-linear,  variable  architecture  and  gain 
controllers.  Furthermore,  research  must  also  address  bow 
to  quantify  the  value  of  visual  perception  of  motion 
response,  and  determine  levels  of  human  motion  response 
threshold  required  to  provide  adequate  motion  fidelity  for 
tactical  aircraft  simulations. 

Finally,  the  design  of  a  successful  high  fidelity,  sustained 
motion  flight  simulator  requires  the  interface  and 
expertise  of  several  technical  communities.  There  is  a 
need  to  develop  improved  sub-models,  including  human 
(nation  perception,  optimal  control  cost  functions, 
motion  control  algorithm  architecture  philosophy,  and 
controller  concepts.  Since  CFS  devices  subject  a  rdot  to 
rate  and  acceleration  magnitudes  similar  to  tactical 
aircraft,  development  of  a  standard  for  accepted  operational 
procedures  and  safety  is  required.  Finally,  there  should  be 
a  standardization  of  symbology,  nomenclature,  and  axes 
systems  within  tbe  aircraft  and  physiological 
communities  to  minimize  unnecessary  work  and 
confusion. 

11.  CONCLUSIONS 

Centrifuge  flight  simulation  is  a  tool  which  provides 
engineers  tbe  opportunity  to  challenge  (he  man-machine 
weapon  system  under  the  harsh  environmental  conditions 
they  must  perform,  but,  in  a  safe,  controlled,  repeatable, 
cost  effective,  laboratory  environment.  There  is  a  need  for 
advanced  piloted  flight  simulation  to  address  flying 
qualities  and  human  factors  issues  including  criteria 
development,  display  technologies,  and  tactics/training. 
In  addition,  a  strong  need  exists  for  improved  motion 
control  algorithm  technologies,  specifically  for  sustained 
motion  simulators.  All  communities  will  benefit  from 
this  technology,  and  a  successful  design  will  require  a 
combination  of  several  technical  skills  including  flying 
qualities,  human  factors  and  crew  systems. 

The  development  of  a  motion  control  algorithm  is  a 
multi-variable  task.  To  obtain  adequate  short  term 
response  motion  fidelity  for  flying  qualities  programs 
such  as  HANG/DFS,  there  is  a  strong  possibility  that  the 
CCA  will  require  vtnable  architecture  and  control 
command  hierarchy  to  preclude  command  force  fights. 
This  also  applies  to  investigations  requiring  multi-axis 
fright  maneuvers.  Furthermore,  when  using  CFS  to 
study  effects  of  initial  or  short  term  (<  2  sec)  motion 
response  on  closed-loop  piloted  tasks,  the  initial  (onset) 
motion  response  ■*  iver.  by  the  CCA  should  closely  match 
the  aircraft  mot.-i  onset  response.  This  may  require  a 
design  tradeoff  to  minimize  gimbal  command  fights. 

More  sophisticated  methods  of  development  and 
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optimization  of  motion  control  algorithm  need  to  be 
developed.  This  includes  l)  improvements  in  human 
motion  perception  response  models,  2)  development  of 
adequate  cost  functions  for  control  optimization,  and  3) 
use  of  neural  networks  or  artificial  intelligence  to  deal 
with  the  inability  to  precisely  model  human  motion 
penxptioa 

Off-line  CCA  development  using  CFSAVT  provides  a 
cost-effective  approach  to  developing  and  adapting  the 
CCA  to  specific  tasks.  CFSAVT  was  successfully  used 
to  test  several  combination  of  gain  and  filter  parameter 
values.  Results  of  these  analyses  are  being  applied  to  tbe 
development  of  an  improved  CCA  designed  to  minimize 
the  pitch  response  delays  identified  during  Phase  I  of  the 
DFS/HANG  lest  effort. 

12.  FUTURE  EFFORTS 

Future  developmental  efforts  will  be  aimed  at  conducting 
limited  flying  qualities  and  human  factors  experiments 
which  utilize  the  current  and  projected  near-future 
capabilities  of  tbe  DFS.  A  representative  F-18  cockpit  and 
simulation  model  is  currently  under  design  and  certification 
for  use  within  the  DFS.  Development  of  the  control 
algorithm  on  and  ofT-line  will  continue  in  support  of 
maximizing  the  DFS's  potential  for  an  expanded  role  as  a 
high  fidelity,  man-in-tbe-loop  flight  simulator. 

CFSAVT  will  continue  to  be  used  in  support  of  this 
effort.  Human  perceptual  models2  will  be  incorporated 
directly  into  tbe  model  to  allow  for  improved  methods  of 
gain  optimization.  This  includes  the  design  and  use  of 
cost  functions  comparing  human  motion  perceptual 
response  estimates  computed  for  a  pilot  in  the  aircraft  and 
in  tbe  DFS  during  (light12.  Tbe  ability  to  conduct  off-line 
gain  optimization  ensures  tbe  highest  potential  for  desired 
motion  fidelity.  Proposed  CCA  architecture  and  parameter 
value  configurations  designed  off-line  will  be  validated 
during  piloted  simulations. 
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SUMMARY 

Historically,  Tighter  aircraft  tactics  were  not  developed  until  a  new 
aircraft  reachod  operational  use.  tn  the  past,  this  pitot/aircraft 
intensive  process  was  affordabto  tn  the  future,  budgets  and 
Srruted  flying  time  will  ikefy  necessitate  a  more  cost-effective  w?y 
to  develop  tactics  for  innovative  and  unfamiSar  aircraft 
technologies  Such  is  the  case  for  WVR  technologies  as  high 
angle-of-attack  (70*)  supermaneuveraixSty  (X-31,  F-18  RARV)  and 
sopermaneuverable  missiie  (Archer-11,  Aim-9X).  The  advent  .if 
v#7  high,  cost-effective  computer  power  has  made  affordable 
optimal  control  techniques  (that  have  been  traditionary 
computationally  prohibitive)  and  tow-cost  real-time  pnoted 
simulation  of  credible  realsm.  Together,  these  two  tools  provide  a 
cost-effective  mtar*  to  devecp  tactics  for  new  technology  prior  to 
the  new  technology  reaching  the  field  in  operational  use.  This 
paper  presents  the  successful  results  of  a  first  attempt  to  use 
Differential  Games  (the  &&tics  AACDG)  and  the  Ektotics  tow-cost 
ARENA  Simulator  to  develop  new  tactics  for  now  technology  such 
as  Extended  Flight  Maneuvering,  (EFM).  This  work  was 
sponsored  by  the  4-Power  Senior  National  Representatives  (SNR) 
through  Aeronautical  Systems-Center  at  Wnght-Pctterson  Air 
Force  Base.  Ohio.  USA. 
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AACDG 

Air-to-Air  Combat  Differential  Game 

AOA 

Angte-of-Aftack 

CIC 

Close-in  Combat 

DG 

Differential  Game 

DOF 

Oegree  of  Freedom 

EFM 

Extended  Flight  Maneuvering 

HAOA 

High  Angto-of-Atiack 

1C 

Initial  Ccn  ."*’or 

IRCM 

Infrared  Countermeasure 

IRM 

IR  missile 

J 

Differential  Girae  payoff  function 

LTD 

Uft/Drag  ratio 

Ml 

Mach  number 

moa 

Mathematical  Gaming  Algorithm 

AX 

Missiie 

Ps 

Specific  power 

SM 

Supermaneuverab  » 

w 

Thru stAY eight  ratio 

TPBVP 

Two-Polnt-Bounda^-Value  Problem 

WVR 

Wrthm-Visual  Range 

YBR 

Yellow  Brick  Road  software 

The  nature  of  air  combat  has  changed  dramatically  over  the  years 
The  collective  impact  of  advances  »n  weapons  and  airfume 
technologies  h.u  required  changes  in  fighter  tactics  to  ensure 
success  especially  when  these  same  technologies  are  assumed 
in  the  threat  Bods  Beycnd  Visual  Range  (BVR)  combat  and  Within 
Visual  Range  (WVR)  combat  environments  have  become  more 
lethal  because  of  these  Imr  ments  A*  .tough  the  pitot  of  a 
suitably  equipped  fighter  *  fo  control  the  fight  BVR  and  make 
only  slashing  engagements  WV n.  transition  to  sustained  Ctose-ln 
Combat  (CIC)  'will  be  inevitable  on  occasions  The  transition 
between  BVR  and  WVR  combat  has  become  an  important  tactical 
area  with  the  need  for  precise  timing  and  execution.  Technology 
has  gieutfy  affected  the  pitot's  choice  of  maneuvers  and  has 
compressed  the  time  available  for  him  to  decide  how  best  to  react 
during  many  tactical  situations 

U  jttetta  Yiraui  Tachnotoov 

It  is  o  fx*  that  thera  can  be,  end,  indeed,  in  many  casos  must  be. 
an  interaction  between  fighter  aircraft  technologies  and  the  tactic* 
which  are  utilied  to  employ  them.  This  concept  is  illustrated  In 
Figure  1  0  where  the  ‘technology*  that  is  shown  Is  the  combination 
of  ihe  contmilcbto  AOA  range  and  the  thnisMo-welghi  ratio  of  the 
fighter.  Ar  increase  In  the  oootrc^oie  AOA  range  con  create  an 
increase  in  tho  transient  oniSty  c&,  *xkty  of  the  aircraft  in  all  three 
axes.  An  increase  in  the  in*i«£*d  thoist-to- weight  rote  of  the 
aircraft  can  significantly  reduce  the  one rgy-bleed  rate  during 
aggressive  maneuvering  and  can  make  energy  addition  during  an 


unloaded  acceleration  much  more  rap«o.  Also  shown  In  the  figure 
ir  the  tactical  employment  doctrine  most  appm^riate  to  the 
technology. 


Figure  t  0  *  Technology  versus  Tactics 


F-4  Example 

During  the  F-4  n'a,  the  controllable  AOA  range  was  toss  than  20* 
end  aggressive  agitty  usage  near  that  angle-of-attack  in  the  F-4 
often  resulted  in  departures  and  spins.  Furthermore,  due  to  the 
relatively  tow  thrust-to-we»ght  ratio  of  the  F-4  (and  due  to  the 
relatively  high  wing  loading),  maneuvering  the  aircraft  at  high  AOA 
for  ve  y  tong  resulted  in  a  significant  toss  of  airspeed  a-to  placed 
the  pitot  in  an  unfavorable  position  with  limited  options  to  enhance 
his  survivability  Hence,  the  tactics  appropriate  to  this  level  of 
’echnotogy  placed  a  premium  on  maintaining  high  airspeed  Even 
in  today's  technological  air  combat  environment,  ;mc's  continue  to 
adhere  to  the  air  combat  principle  that  ‘speed  is  ife'i 

EdS.Exair 't 

After  the  F-15  was  Integrated  into  the  USAF  Inventory,  atr-tc-atr 
tactics  evolved  to  fit  the  technological  advantage  the  aircraft 
offered.  This  aircraft  has  a  controllable  AOA  range  In  excess  of 
35*  and  exhibits  a  combat  thrust-to-weight  ratio  substantially 
higher  than  the  F-4.  With  the  F-15.  the  pilots  can  utilise  its  ful 
transient  agi6ty  ►.“‘nttal  very  aggressn-oly  without  concern  for 
departure  If  the  ptto<  maneuvers  aggressively  and  decelerates  to 
an  airspeed  below  tho  corner  speed,  the  high  thrust  and  tow  wing 
loading  of  the  Eagle  give  him  multiple  offensive  and  defensive 
options  If  the  pitot  of  an  F-15  flew  his  aircraft  exactly  as  he  ftow 
Ihe  F-4,  the  combat  value  of  the  F-15  m  a  maneuvering 
engagement  would  be  roduced  from  its  maximum  value.  Hence, 
the  tactics  appropriate  to  th*'  level  of  technology  enow  some 
relaxation  of  the  'speed  is  kte'  doctrine  when  the  conditions 
warrant  more  aggressive  maneuvering  Also,  the  F-15  can 
utif  to  vertical  maneuvering  to  a  much  greater  extent  than  the  F-4. 

X-31.Emnolt 

The  technology  (Jflerences  between  the  F-4  and  next  generation 
aircraft  Ike  tho  F-l$.  F-15,  F-18,  F-14,  etc.  were  significant,  but  not 
co  different  as  to  not  aQow  a  reasonable  extrapolation  of  pat 
tactics  Into  the  prasent.  More  Importantly,  in  this  time  frame,  hai 
been  the  Impact  of  mhi*'e  technology  enhancements  on  aircraft 
tactics.  The  rearm-  of  the  aH-Aspect  tR  missile  has  greatly  impacted 
WVR/CX:  tactics  rhatover  the  eirframe  technology  Similarly,  the 
Archer  • ."Jm-9X  with  helmet  ntoumed  sights  win  have  a  similar 
f-nat  a,  ip  act  on  WVP*SIC  tactics 

Ac  wrt  tfroeft  nos.  *jr.  »h*  E^MKAOA capabilities  of  ihe  X-31  ar# 
not  a  mare  extrapo'stton  horn  past  aircraft.  Angtos-of-attecfc  (AOA) 
of  70  m  cau»e  many  ‘tctkrsJ  diafienges  to  tho  pilot,  of  such 
magmtude,  rjit  post  taeftoa*  experience  otfera  minimal  help  In 
knowing  how/when  to  apply  the  new  technology  to  best 
advantage.  Conskto'  the  tofiowing  tactical  challenges: 
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e  • 
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-  A  high  AOA  maneuver  is  accompanied  with  a  rapKJ  toss  of 
airspeed  and  potential  disorientation  In  situational 

awareness. 

■  Is  the  high  AOA  maneuver  compatible  with  weapon 
constraints? 

•  How  much  AOA  is  reaSstic  for  tactical  use? 

•  Should  high  AOA  be  used  to  rotate  the  velocity  vector  {at 
stow  speod  *  Herbst  maneuver)  and  unload  to  shoot,  or  to 
simply  point-the-nose  and  get  the  first  shot  to  threaten  the 
adversary? 

-  What  impact  does  higher  thrust/weight  (T/W)  or  ►ft/drag  (LO) 
have  on  the  uMty  of  EFM  and  appropriate  tactics? 

.  What  if  the  thK  .ircraft  has  better  performance  in  the 
convent.onal  flight  envelope  than  the  Ef  M  aircraft? 

■  Even  w>th  EFM  capability,  can  the  opponent  negate  most  ot 
its  advantage  by  changing  his  tactic? 


Although  there  are  several  approaches  to  tactcs-for-tsshno-ogy 
development,  most  a*e  "brute-force*  in  nature  and  greatly  depend 
on  the  intelligence  of  the  analyst/user.  Differential  Games,  on  the 
other  hand,  (to  be  better  defined  later)  is  a  branch  of  Optimal 
Control  Theory  that  is  a  'near-perfect*  mathematical  gaming 
aigcnthm  lor  WVR  air-combat  tactics  development.  Figure  2  0 
portrays  a  definition  ot  the  DG.  DGs  is  based  on  the  Calculus  of 
Venations  to  define  the  matbemafrcal  necessary  conditions  to 
optimize  a  payoff  function.  For  example:  Find  the  aircraft  control 
schedule  that  minimizes  the  time-to-cSmb  to  a  defined  attitude. 
This  problem  is  a  simple  single  aircraft  problem  in  Optimal  Control 
Theory  where  "time*  is  the  payoff  and  results  in  the  classic 
RutkowskJ  cSmb  paths  DGs  is  a  bn  more  complex  as  there  are 
now  two  playe.s  m  which  one  pla/er  •$  attempting  to  minimize  the 
payoff  and  the  other  player  is  attempting  to  maximize  the  payoff 
(i  ©  .  a  .taddlepoint  solution)  For  example  Find  the  aircraft 
(Pursuer)  control  schedule  (tact*c)  that  minimizes  the  time  to 
ctosure  while  also  finding  the  other  aircraft  (Evader)  control 
schedule  (tactic)  that  prever.ts/maxirmzes  the  time  to  ctosure  The 
resulting  mathematical  necessary  conditions  have  two  sets  of 
differential  equations- 

•  State  equations  (I  e  .  equationv-of  motion)  defined  initially 
(i  e .  time  -  0) 

•  Costate  equations  defined  terminally  (■  • .  at  the  final  timo) 
*gure 2 0  j  OifrEREMTlAt  GAMES  ] 

A  BRANCH  Of  OPTIMAL  CONTROL  THEORY  ThaT  FINDS* 

ME  BES  ’  CONTROL /r  ACT  ICS  FOR  THE  SYSTEMS 
IN  CONU'VT 

A»-R-TO-Aifi_COMBAT  APPLICATION 


These  two  sets  of  differential  equations  form  a  two-point* 
boundary-value-problem  (TP8VP)  that  can  be  sofved  by  iterative 
numerical  techniques  (i  o„  steepest  descent  gradient  technique) 
on  a  high-speed  computor.  Figure  2  1  portrays  features  of  the 
gratfent  technique  The  outputs  of  tne  DG  technique  are  the 
trajectories  tnd  control  histories  (tactics)  to  optimize  a  payoff 
function  for  the  technofc.  es  characterizing  the  systems  (I  e , 
equations-of-motion)  in  coofSct.  The  pqwgtof  the  Differem-al 
Qama.is  lliaiJl^dlltoLiliit^iiiiimal  laadOii  a  r»«.itclWPgy 
maiywaia  wuma  tow  imit  ia  «taaaae...  Fun-tore?  ft .  a  w3 

lird  th.  -optimal  tactfc-  ot  ih.  ppocp.,h  :ha;  w,!l  Nts  I 

caMHf/nwan.llia.nBw  itttanlflgy. 


Tha  major  -risk"  In  tha  OG  .ipprown  is  th.  oavaicr  Mol  ol  an 
analytic  oayotl  Kincton  that  ajptoprtataty  oiptasf  is  what  th. 
odvenan.s  aro  trying  to  occnmplith  filda tics  hi  s  d.velcooa  th. 

iMUtt-Air.ComPal  Dilfaramal  Qsree.tAACOQi  Ma  tl  ana  i 


thiols  art  trvtnn  to  echiavtt 


GRADIENT  APPROACH  10  DIFFERENTIAL-GAMES 


Figure  2.1 
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2.1  _  WVR  Air  Combat  PavaH  Funct&fl 

Fighter  pilots  m  reality  fight  weapon  envelopes  first  and  only 
indirectly  fight  aircraft  in  that  the  weapon  envelope  is  attached  to 

ALT  IS* 


tne  aircraft  Rgure  2,2  shows  the  lead-collision  guidance  m.ssiJo 
performance  envelope*  of  an  Atm-9  Ike  missile  Shown  are  the 
charade nstc  envelope  performance  parameters 


Rmin  *  Minimum  launch  range  (nm) 

RMAX  *  Maximum  launch  range  (nm) 

RNE  ■  No-escape  range 

Not  shown  in  Figure  2  2  is  the  loadcc’ksion  launch  angle,  do. 
rroa$ured  from  the  Sne-of-sight  that  is  shown  m  Figure  2  3  The 
RMIN/RMAX  magnitudes  aro  a  function  of  the  launch  aitlude, 
missile  charactcnstics.  aircraft  velocity  vector  magnitudes  and 
orientations.  The  latter  two  parameters  (i  vetoerty  vector 
magnitude  and  orientation)  for  each  aircraft  art  highly  dynamic 


TOOArS  TACTICS  AM  DftfYtH  ft  THE  (HYtlOPtS  Of  TMZ  WEAPONS' 

i  *  j, . .  ■ 

Figure  2.3  *  Generalized  Air-to-AIr  Combat  Payoff  Function 
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variables  In  WVR  air-combat  that  causa  tha  missile  performance 
envelope  to  also  be  Itighly  dynamic,  Any  aircraft  technology  that 
rapidly  Influences  aircraft  velocity  vector  magnitude  and 
orientation  wJt  highly  couple  into  th*  missile  performance 
envelope. 

The  reaction  that  pilots  primarily  tight  weapon  envelopes  and 
that  these  envelopes  are  highly  dynamic  in  WVR  air-combat,  led  to 
the  quantitative  oeneratied  peyoft  function.  J.  shown  in  Figure 
2  3.  The  subscripts  P  and  E  identify  missile  envelope  parameters 
associated  with  the  two  aircraft  in  the  ivl  air  combet.  The  payoff 
function.  J,  can  be  partitioned  as  follows: 

J  -  fp<R)  l  *P<ep)  ♦!£<*>  ♦*£($£) 

whtre  2 

J<R  •  2(RMINP  *  RMAXP)  j 

fp(R)  -  1-ot  Smaxp-Rminp  J 

lp(0pl  .  $in2|— 

2 

f<R-2(RMINE->RMAXE)1 
IE(R)  -  1  ..1  rmaxe  •  R^ine  J 

fEIOEl  - 


The  \  ♦  options  h  the  function  allow  the  analyst  to  create  a  J 
function  with  afferent  air-combat  characteristics  For  illustrative 
purposes,  consider  the  following  J  function  option  form 


The  following  observations  are  notod  about  this  payoff  function  J. 

1  e'lR)  Is  essomaiv  Ie'°  (0)  whan  Rmax  <  R  <  Rmm  and  has  a 
manmuni  value  on.  (I)  whan  R  maif  ,f  ths 

‘heart*  of  the  missile  envelope 

2.  Mm  [fp(0p)  ♦  f£{0£)]  yields 

ep.6e 

®P  •  0Po 
eE  -  ^6o 

which  ts  the  *best*  terminal  orientation  for  P. 


TJXtC* 


max 


Nautrai 


(■fmax  ♦  Jmax  V2 


Tedcal  IX.  j 

AtWaruaa  LJ0 

Note:  j  determines  If  the  air  combat 

situation  is  improving  or  getting  worse. 


The  J  function  was  key  to  development  of  the  Eidetics  Air-to-Alr 
Combat  Differential  Game  (AACDG)  Model  and  proved  to  result  in 
realistic  tactics  for  Innovative  technology.  In  summary,  it  1$  worthy 
to  note  that  J  Is  a  Unction  of: 

1.  Altitude 

2.  Range  to  adversary 

3.  Aircraft  velocity  vector  magnitudes 

4  Aircraft  velocity  vector  orientations 

5  Missile  characteristics 

r*.iaNBties  of  the  Alf-tn-AIr  Combat  Differential  G^me 


Eidetics  developed  the  Air-to-Alr  Ccmbat  Diffe.*enti£)  Game 
(AACDG)  to  ha%d  a  capacity  to  develop  new  tactics  for  innovative 
agiity  technologies  Figure  2.4  snows  the  major  forces  acting  on 
an  airframe  as  modeled  in  the  AACDG.  Figure  2  5  fists  the  key 


Figme  2  4  •  Aircraft  Forces  m  AACDG 
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which  is  me  "best"  terminal  orientation  fur  E. 

4  Furthermore.  J  is  structured  such  that 

Jrrwn '  best  terminal  position  lor  P 
Jmax  best  terminal  position  to:  £ 

•  neutral  terminal  positions  lor  P  and  E. 

5  The  lowest  veto*  of  Jmm  Is  aero  (0)  and  the  largest  value  of 
Jmax  is  four  (4) 
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The  .  function  was  not  so  much  derived,  as  deduced  based  on 
Eid  /ties’  experience  It  represents  the  best  known  analytic 
function  that  Inherently  contains  the  *besf  that  two  air  combatants 
can  position  themselves  for  terminal  missile  release  through  use 
of  the  minimum/ maximum  oporation  on  the  J  function 

The  uses  of  the  -J  function  are  potentially  many.  I  e , 

•  To  formulate  an  air-to-air  combat  differentSal  game  and 
devise  new  tactics  for  new  technology. 

■  A  measure  of  air  combat  ment  (i  o .  Ike  summing  shot 
opportunities)  *n  a  given  engagement.  The  fraction  of  time  J 
exceeds  a  given  vatoe  (or  is  botow  a  given  value)  is  an 
example, 

•  A  simulator  cockpit  cue  to  assess  tactical  advantage  egamst 
any  selected  target 
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aircraft  performance.  contn>Sab>fry,  and  weapon*  parameter*  that 
can  be  varied  in  the  model  as  technology  varfatoni.  Aamolfli 

tem  MttaHtg  fifln  h*v»  afitfl  on  thg_resuSinQ  ‘Qotn3r_tact£s 

As  can  be  seen  in  Fljur#  2  5.  the  AACOG  has  ample  capacity  to 
model  a  wide  variety  of  EFMfagikty  U'chnotogias  to  indudo 

•  Corwentonal  e:rcraft  technology 

•  High  AOA/EFM 

•  VtFF  aircraft  induing  drculiiKMi  fift/drag  inhuence 

•  Engine  spool  up/down 

•  Cor.iroBabilrty  aflocu  at  high  AOA  and  low  dy^am*  pressure 

•  Mlisrio/gyn  characteristics 

The  basic  AACOG  is  wnttan  in  FORTPAN  7.0  and  is  cornpatOM 
with  a  varftTy  ol  computers.  EkJettes  currently  rv'.s  tha  mode1  on 
Apollo  and  Hewlett  Packard  workstation  comptiars  It  is  atso 
hosted  in  a  386/33  MHz  personal  notebook  computer. 

The  key  outputs  d  the  AACOG  v o  ome  history  files  lor  computer 
ptott;ng  ol  a  taiga  variety  ol  variables  and  to  dove  graphic  software 
Icr  reaf-fime  replay  ol  taefces  in  God's  eyt  mew  c.  from  the  cockpit 

p.  o  PROCESS  TO  DEVELOP  .TACTICS  FOR  HEW 
TECHNOLOGY 

Figure  3  0  shows  the  key  elements  in  a  process  whose  and  results 
are  tactics  that  us#  innovative  lighter  aircraft  technology  to 
operational  advantage  The  process  begins  with  tha  OG  (1 ) 
whese  prime  purpose  is  so  find/suggest  'opbmaT  candidate  tactics 
to  bepn  tha  process.  These  laches  are  developed  lor  a  Smited  set 
ol  initial  conditions  (intended  to  span  the  key  states  ol  ranges, 
angle-off.  airspeeds  as  tactical  starting  conations  a  p*‘ot  is  Gkey  to 
encounter)  Table  3  0  is  an  exampto  sat  ol  siting  condbons. 


Table  3  0  -  initial  Conditions  (SCs> 
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Once  the  'candfoate'  optimal  tact**  are  generated  with  the 
Differential  Gama  (1).  a  plot  aisassmentfraining  phase  (sea 
elements  2  and  3  *n  Figure  3  0)  begins  on  tactics  that  ft  c  4-phMO 
process  is  shown  In  Table  3  1 


TaNe  3  1  •  Procedure  Manned  Tacttos/Technology  Evolve  merit 


t.  Prebrief 

•  AircraVmissiie  technology  capabtEty 

•  Pilot  review  ol  e*ch  1C  A  pian/racorcJ  trial  tactic  1st 
pass.  2nd,  etc. 

2.  Af*“NA  Manned  Simulator  Trials 

•  vt  trial  per  plan 

•  Successive  trials  until  satisfied  have  *be$t  tact** 
lor  Techno  logy/lC 

•  Record  “best  taebe’  (Form)  after  each  1C 

3  Post  Brief 

•  Review  *b«t  tactics' 

•  Identify  candidate  ICs  lor  £>ff-Game  tactics  rerun 

a.  ARENA  Re-tna is 

•  Replay  *best  tact*' 

•  SJww  Difl-Game  'YeSow  Bndt  Po  <T 

•  Try  OifKSamo  tactics  1  st  pass 
«  Evaluate  Diff-Game  tactic 

•  Final  questionnaire 


prebrief 

The  purpose  ol  the  du*y  prebnefing  is  to  lamfcanze  the  pilots  with 
the  capacities  ol  the  aircraft/weapon  they  are  to  tty  that  day,  to 
revtc-w  the  set  of  »n>&a«*  conations  (ICs).  and  to  give  the  ^lots  time 
to  plan  'ffcfcal  mansuvor  lor  the  first  pass  arid  g^ieral  tactics 
plan  toi  eac  1 1C  Each  p<to«  has  a  Pilot  Notebook  containing 
technology  <  escnptions.  1C  figures,  and  forms  for  uct-c r.  planning 
and  recoro  k>epmg 

ARENA  Mark  ed  S.mutatQf- Inals 

After  prebnnftnp/p’anmng  come  the  real  fim#  pi’cMd  ARENA 
t*ct>cs  expenmentabon  whoso  purpose  is  to  a  cow  the  pilots 
reasonable  time  to  experience  the  new  technology  and  *«  ’lews* 
“best*  tactics  Pilots  are  -bowed  5  -  to  ARENA  tnals  v eu$\ 
technology- !0  combination  Although  moro  Simulator  fcrre  is 
always  desirable,  the  5  - 10  tnals  ore  sufficient  for  p,*ts  to  devise 
a  "best*  maneuver  in  each  tachnobgy/IC  setup  Pilots  are  given  a 
couple  hours  in  the  simulator  to  get  farrtkar  with  ARENA  and  its 
disptays/svntchoiogy  Pito»*  fy-ng  technology  enhanced  aircraft 
are  given  time  to  'leei-out*  these  aircraft  poor  to  reco»  "tod  tactics 
experimentation  trials  After  pilots  are  ready,  the  recorded 
experimentation  Inals  begm  After  each  tnal  expenmare  tt*n. 
pilots  record  notes  »n  their  Pitot  Notebook  and  commune  ete 
(ARENA  provides  a  ptid  intercom  system  for  real-hm* 
conversation)  with  one  another  so  as  to  make  the  tactes  nal 
experimentadon  efficient.  The  last  Inal  m  the  experiment  ihon 
trials  ol  a  given  iCAechnoiogy  is  planned  to  be  the  T>esr  piloted 
tact*c  lor  that  ICAechnoiogy  combination  Pilots  identify  >  nd 
explain  their  'best*  tactic  on  form4  contained  in  their  Pile 
Notebook. 

postbnel 

Once  «he  real-time  ARENA  tact**  expenmomabon  trials  are 
completed,  a  post  bnefing  is  held  to  ascuss  If  e  pilot  *be  f  tactics, 
examine  mapi  differences  with  Differential  Game  tactics  decide 
on  any  ICs  (or  further  tactics  experimentation  the  next  da  >  The 
pilot  *best*  tactics,  both  adversaries,  are  discussed  one  l ;  at  a 
time  using  data  rocorded  on  the  Pilots  Notebook  if  a  p-rt  *besf 
tactic  and  Oftertntiat  Gams  optimal  tact*  are  radically  d  ft# rent, 
these  diffe'onces  are  discussed  to  determine  the  ment  c 
additional  ARENA  tnals  to  examine  the  pros/cons  of  the  spbmal 
Differential  Game  tact*. 

ARENA  Retrials 

The  post  briefing  process  usually  uncovers  one  or  w  £*  for 
wh*h  the  Differential  Game  'opbmaT  tact*  is  pgnrfit  -  Vy  different 
from  the  pilot  “best*  tact*.  This  resuRs  m  ARENA  re-  iv  a  lor 
further  lact*s  oxperimentatwn  in  the  pros/Cons  of  thn  O  'oronhal 
Game  optimal  tact*  These  re-triats  ana  usually  the  first  order  of 
business  on  'he  following  day.  Rr  is  are  flown  tha  plots 
once  the  pitots  are  famikarized  with  me  Differential  Came  optimal 
tact*  through  use  of  the  Yellow  Brick  Road  (YBR)  ARENA  cockpit 
replay  software  The  YBR  software  presents  to  each  pitot  (in  the 
Ivl  sconario)  a  cockpit  orionted  real-time  roplay  oft  a  Differential 
Game  cpfimAJ  ta'.t*  with  visual  cues  to  a*  understar.  *nq  of  the 
optimal  maneuver.  The  YBR  software  allows  either  pul  lo 
stop-Yostf/t  U>e  real-time  replay  at  his  convenience  repe  1 1  dfy  unM 
the  tMforectial  Gime  optimal  maneuver  is  undoatood  Thi  .* 
trials  are  then  done  with  the  plot  ftymg  the  Differential  Gam* 
optimal  tact*  and  ^so  the  plot  *besr  t**t*  to  discern  the 
pros/ccns  of  each  These  re  trial  results  3'e  recorded  m  the  Pilot 
Notvucok 


turn  rate 


27*6 


3  Th*  terminal  condrtons  are  first  shot  (either  aircraft)  usually 
clustered  around  RmiN  end  occur  quickly  (8  ■  t2  seconds). 

4.  1C  16  (I  • ,  tecnnotogy  areraft-t  stow  with  adversary  fast, 
off  right  winy  going  to  th*  rear)  resufts  in  an  unm/al  optimal 
tact*:  designed  to  rmnmizs  th*  affect  of  this  poor  tacbcal 
Situation  for  lb*  technology  fttrcrafM  Th*  technology 
aircraft-1  does  a  2g  rcR  3604  (*  ght)  fctowed  by  a  300*  rol 
(nght)  to  a  loft  prtchback  Into  '.he  adversary  e^ng  up  at  14G 
knots  *  ‘ 


tmamoa  to  lafct  adoa&tsiUsx  cggarx^^flw.a^ 
fry,  team  ttufiaftiua 


In  an  aStrr.pt  to  evaluate  me  'reasonableness*  of  these  "baseine" 
optimal  tachcs.  an  experienced  fighter  plot  was  asked  what  he 
would  do  in  each  of  the  ‘baset'MT  tCs  This  plot  did  the  same  as 
the  Differential  Game  except  he  afwayc  used  mat  A/B  tomnaiy 
and  dKl  not  do  m*  unusua»  i^celeraf-on  tactic  in  4  aoove 


AH  of  the  technologies  run  with  (he  Diherenoai  Game  exhorted 
these  general  tendencies  in  their  "optmaT  tactics  with  vanabor.  m 
the  use  of  th*  vertical  and  throws  deoendng  on  how  the 
technology  impacted  loss  of  energy  in  a  max  load  factor  turn 
Table  4  t  summarizes  the  technology  AC  comtxmr.cn$  that 
resuRod  in  a  ronceaWe  change  of  *opt>mar  tactic  (■  e .  maneuver 
piano,  load  factor  or  throttle  schedule)  from  the  baseine  As  can 
be  seen,  the  improved  UD  and  SM  tecnnotog  es  had  the  largest 
impact  on  the  tactic  perturbation  from  the  baseine  tn  summary.  >t 
is  also  interesting  to  note  that  improved  technology  mvanaoty 
resuRed  in  improved  (i  *  .  smaller)  J  resuRs  for  the  technology 
aircraft  «n  every  1C  with  few  exceptions  These  1C  exceptions  were 
found  to  be  oxpected/raoonale  for  the  technotogy/IC  combinations 
in  wfxch  they  rarefy  occurred  Tfrs  pare  much  oyi*-denc*  m  me 
casj&liy  cf  tta  D;gfinBnsal.Q«na  rngttioflslpgy  to  gfir.se  'ss&zsL 

tam.cs  that  fook  advantage  of  the  technology  change 


Table  4  t  •  Optimal  Tact>c  Differences  from  Baseine 
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EflremMss 

The  impact  of  improved  technolot  /  is  (fircctfy  reflected  m  tho 
reduced  vatoe  of  J  (i  e„  negative  unang*  from  basekne)  in  each 
1C.  The  average  value  of  this  negative  J  chango  over  the  fixed  set 
of  ICs  results  m  a  direct  quantitative  measure  ol  ihe  ’goodness"  of 
a  technology  change  relative  to  :n*  "basekne*  NEW2  technology 
These  revuR*  are  presented  »n  Figure  4  2  and  show  the  "optimaf 
ranking  of  the  8  technologies  relative  to  the  "baseine"  HEW2  Th* 
SM  aircraft  with  IRM-SM  mtssii#  produces  the  largest  improvement 
of  the  eight  (8/  technologies  studied  with  the  Differential  Game  As 
wilt  be  seen  in  a  later  section,  the  IR  rmssi'e  off  boresight 
technology  also  produces  a  great  increase  «n  operational 
effectiveness 


S-Q  ARENAPlLQTEQSlMULATKMREStiLIS 

The  tactics  technology  entire  process,  beginning  with  the 
Differential  Game  end  culminating  with  the  (stored 
experimentation,  revealed  some  WVR  tactics  "lessons  learned* 
worthy  of  summary  Naturally,  these  lessons  are  related  to  the 
level  of  conventional  performance  of  th-*  baseine  NEW2  that  was 
purposoty  selected  to  be  a  corrent/rear-Ufm  airframe  design  In 
comparative  terms,  the  basetne  NEW2  is  Rafale-ike  m  character 
or  Ike  a  big-wisp  F-16  wrth  improved  tb.'usHO- weight  Th* 

"lessons  learned*  are  also  influenced  b/  the  ICs  (see  Table  3  0) 
that  were  chosen  to  be  a  reasonable  sampre  of  WVR  irvtaJ 
conditions  fikefy  to  be  encountered.  These  ICs  were  n.M  designed 
to  "extol-the-.rrtm"  cf  dhv  IfiChftQtodr  They  were  pr  -~anly 
designed  to  provide  a  WVR  technology*UcJ)C*rule-if  t^umo  to  use 
should  a  pilot  find  hxnsetf  in  such  a  posublc  WVR  tactical  state  In 
trvs  regard,  the  pifcis  often  <Sd  not  Ike  an  tc  because  thev  ’could 
not  employ  the  aeded  technology  to  advantage*  ft  must,  however. 
b«  remembored  that  knowing  where  no!  to  employ  technology  is 
equally  important  to  knowing  whop  to  empty  technology.  Such 
was  the  reason  for  the  set  of  ICs  chosen  7 he  lessons  learned  by 
the  Differential  Game  and  piloted  ARENA  runs  are  summarized  by 
technology  m  paragraphs  that  lo'tow 

5J _ Base^e  Tecnnotemt 

The  baseine  cases  realty  represen!  WVR  ar-combat  between 
"simitar*  aircraft  tn  contrast,  the  other  cases  of  technology  reaty 
represent  WVR  air-combat  between  *<Jssirmtai*  aircraft  The 
baseine  cases  revealed  the  follow ng  lessons- 

•  If  absve  the  comer  speed,  us*  the  vertical  tf  below  the 
corner  speed,  use  fift-voctor-on 

•  V  stow  and  your  adversary  is  fast  with  a  hgh  velocity  vector 
ang'e-oH.  take  time  to  acce^rate  before  the  turn  AfighOy 
loaded  sice  may  be  the  best  acceterato  tactic 

•  t!  the  threat  aircraft  is  "similar*  {■  e .  in  energy  b*edrate).  go 
for  n  I  -circle  "made"  fight  and  IRCM  th*  adversary  at  tho 
morge  it  you  engaged  above  corner  speod  tf  you  engage 
’rvtia&y  stow,  you  probably  can't  afford  IRCM.  especially  if 
he  is  above  corner  speed  imoaSy. 

5  ?  +30%  TAV  and  *30%  'JD  Tech^too-es  f!A3) 

These  technology  enhancements  influenced  tho  “dissimilar*  WVR 
air-combat  tactics  m  a  similar  way  in  that  the  common  affect  was  to 
decrease  bleodrate  in  a  max  performance  turn  As  such,  th* 
following  lessens  learned  wore  common  to  both  technologies 

•  If  I  ha vo  a  bieedrate  advantage  (i  e .  less  max  btoedrate). 
use  more  of  the  *ortcal  than  (he  basetme  case 

•  When  stow  and  the  r*versary  is  fast  with  a  high  vetooty 
a  ngfoW.  acceierat*o«.  first  before  the  turn  may  not  be 
needed 

•  When  at  h»gh  vetooty  vector  angfc-off  and  he  is  at  least  as 
stow  es  l  am.  force  a  t  orcie  fight  to  the  "outside"  to  dnve  a 
longer  mu  ol  merge  to  »orc*  him  to  bleed  more  energy  to  get 
his  nose  on  you 

5.3 _ Axiat  (6  -  2secl  Technotoovi?! 

•  W.th  tho  taster  spooing  engme  you  can  afford  to  leave  the 
engine  w  A/8  »nger  when  employing  IRCM  techniques 

5.1 . iabkiiu  1  .sg’iiY  XBanateae  iii 

•  Remembnr  that  the  technology  wia  atJo-.v  you  to  roa  when 
under  max  load  factor 

•  Be  careful  of  .ho  handing  quartos  under  high  toad  factor 
as  you  may  likely  over  control  m  roa  and  defeat  what  the 
i©ch no togy  provides 

•  The  most  kkefy  tactical  use  is  m  quick  maneuver  defensive 
plan*  changos 

5.5 — Supermaneuver  tSMno_Potnt_ye,-OQh/  Vectar 
TechhOtody  (41 

In  examining  the  lessons  learned  h*re.  it  must  b*  remombered 
that  the  basto  philosophy  is  to  get  stow  and  use  thrust/weight  to 

tun-Uh* 

is  related  to  how  well  your  adversary  performs  conventionally 
Assuming  that  you  have  tim*  to  get  stow  (and  are  wising  to  accept 
the  tActicai  vuinerabilty  of  such  an  energy  state),  it  is  not  good  to 
do  this  unless  your  aircraft  has  enhanced  thrust/weight  (t  5-2  0)  to 
turn  the  stow  veao.  vetooty  and  then  to  accelerate  lor  mssrie 


<*) 


•  • 


e 


•  • 
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<Jcl«nM.  Unbrtynal.fy,  r«iVi.r  cl  th«s«  t*0  r*quit«rr*ntt  w*r# 
mtt  by  the  aircraft  in  this  study.  Itet  is.  lftt  baaiint  Mfrtraary 
wat  YtrY  faMWf  In  florr<tPf«?nil  aadamaoca  art  thf 

mruft^ffcaht  of  the  SM-NFW7  we<<  onV  1  Q!>  at  fOk  ettrturie  As 
such,  neither  the  Differential  Gama  (DG)  or  ptoted  A.TENA  cates 
uncovered  any  real  tactical  advantage  to  SM  to  “band*  the  vetoah* 
vactor.  HaUtaflCA  hamtd.att.moft  riling  ta  aircnHLdmcfl 

ttiiajaflsa  With  the  weak  SM  design  cf  the  NEW2  and  the  iCs 
chcson.  the  pilots  and  DG  iur/A  more-cr-le**  convenoonafly.  U 
tht  SM  Jtrcraft  was  fortunate  to  surw/e  the  meroe  the  teehrninov 

advantaca  was  ohmariV  in  rem-h?  me  nosa-Ctose-in  to  use  me 

gun.  Probably  the  most  important  las  tons  learned  is  the  Inflowing 
ona  ratatad  to  design: 

•  ft  is  vary  urrtktly  that  high  AOA  vnfl  axJ  an  airframe  ct  poor 
conventional  performance.  Sato  cnotr.er  way.  "Artamond 
on  a  brass  nng  is  no  jewetr 

•  Classic  J-Turns  and  Herbs!  type  manauvtrs  wa't  not 
atfactva  m  thesa  unbiased  ajrc/*.t»ftact>cai  srtuabons 

ifi _ Siipermaneiivgr  (SMI  la  Pan!  >,’?«■  w.m  a  .  i«h  AOA 

tosvm  Ttcf.ro'oov  (51 

Pn or  lo  ffytog  W15  l#cnnc:ocy.  me  piou  though!  it  wou«  tte 
unbeatable  Howavar.  tha  irchnoiogy  in  tfts  test  ottered  Ittla 
advantago  over  tha  convtrwxu!  baseine  tor  savers  reasons 

•  Although  tha  technology  provtoes  2  3  second.  of  missile 
shct  time  advantage,  tha  ©arty  shots  did  not  dissuade  an 
agressive  ad/ersary  from  'gaming*  tha  srtuaoon  to  ©fleet  a 
mutual  lull 

•  Because  of  tow  ihrusVweight.  us#  of  SM  to  gat  the  early 
shot  at  high  AOV  ah* ays  left  you  stow  with  no  capacity  tc 
recover  speed  quetoy  tor  missile  maneuver  defense.  as 
compared  to  manavarfng  convomwuify  that  aefaeved  tha 
same  mutual  to«  rasufts.  but  left  you  ox  higher  speeds  wfi 
soma  chance  to  evade  an  incoming  mssle 

Putam  m«f«  a  mo;«  aflr-irljci  tn  tl»s  t-cftooiocv  m  real  wvq 

ar-catrUal  where  'Hrai-shor  erases  mu  amurcatv  tc  imft  inw\ 

flUBLlSifil  and  MX  defense  taint:  man  a  mimm  hi»  nmv.- 

twih  T/W  ftcovetY  w;«  an  b«  needed  m  actual  wvn  a f  com-,  n 


SI  70-  Technology  (101 

Interestingly,  the  pitots  Iked  this  technology  best,  even  though  <t 
tfd  not  in  nuance  teefcca  in  getting  to  a  shot  ©the'  than  raqunng 
them  to  think-ahead*  to  bo  suro  and  shoot  carter  Their  reasons 
for  rating  rt  bast  were  the  obvious,  less  turning  (shorter  tima/higher 


As  a  part  of  the  debneSng  and  End  of  Day  Questionnaire.  pitots 
were  *sked  to  numencaPy  rank  a  technology  relative  to  the 
bases nt  NEW2  At  this  point,  the  plots  at  the  and  of  the  day  had 
de&rvte  opinions  and  seemed  to  And  it  easy  to  compare  a 
technology  just  ftov-n  against  the  ta/nkar  became  At  tw*  end  cf 
tne  entire  process,  those  plots  who  flew  multiple  tecftn©togm» 
r.ere  asked  to  rank  the  technologies  they  flow  into  a  composite 
ranking  Mo-10.  That  plot  ranking  is  shown  in  Figure  5  0  as  the 
‘open*  vertical  bars  As  can  be  seen,  the  top  5  technotog>os  were 
(1)  70*  eff  boresight  MX.  (2)  SM  with  SM  MX.  (3)  $M  v*tooty 
point,  (4)  ■*  30%  LTD.  (5)  >30%  T/W.  Figure  5  0  also  shows  the 
Dtfeiental  Game  ranking  of  technologies  (based  on  the  average 
payoft  reduction  vaXie  in  r gure  4  2)  to  be  (2)  SM  w-th  SM  MX.  (3) 
SM  velocity  point.  (4)  Pitch  Agihty.  (51  ♦3C%  UO  Erc#pt  tor  the 
off-bc<#sight  MX  {not  run  with  the  Different*!  Gams  p  ana  the 
addition  of  Pitch  Agrtty.  the  plot  and  Differential  Game  rankings 
are  very  similar 


Each  element  cf  the  tactics  development  process  tor  technology 
(see  F»guro  3  0)  was  essential.  There  were  situations  where  the 
Dffer*ntiai  Game  found  n  taetc  of  advantage  that  the  plots  <*d  not 
find,  and  there  wero  tactes  that  the  Offer* nto)  Game  suggested 
that  were  unreaHtc  ana  needed  plot  tr.put  tor  isctco*  reahsm  ft 
is  dear  that  iho  combined  process  of  Offerenbai  Game  and  ptoted 
simulation  m’jtuaSy  supported  one  arolher  m  a  bm»  offoom 
process  to  deveto©  WVR  tacocs  tor  new  agkty  technologies  The 
software  tools  that  cost-effechvet/  brought  the  plot  irto  the 
technology  process  ft  e .  the  ARENA  swrotator  and  Yellow  Bnck 
Road  re^ay  software)  were  essential  to  forge  a  means  o* 
communication  between  the  plot  and  the  engmeer/technotogist 


SlZ _ Brnm  Rertiaon  Teehnotor^v  rm 

•  improved  Rmm  wB  allow  ctosor  shots,  but  one  must  be 
careful  not  to  frag  yourself 


o 


e 


Figure  4.2  4  (•)  payoff  •  differential  game 

•AVERAGE  PAYOFF 


TECHNOLOGY  ENHANCEMENT 


(1)  CONVENTIONAL  IR  MISSILE  WITH 
NORMAL  TIP-OFF 

(2)  ASSUMES  A  SM  MISSILE  THAT 
CAN  BE  LAUCHED  AT  HIGH  AOA 
WITH  NORMAL  TIP-OFF 


e 
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Figure  5.0 

AIR-COMBAT  EFFECTIVENESS  RANKING  OF  TECHNOLOGY 
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Flight  test 
Flying  qualities 
Integrated  flight  control 


The  new  generation  of  combat  aircraft,  currently  at  •  imnstrator  or  development  stage, 
incorporate  significant  advances  in  manoeuvre  capability,  especially  in  such  areas  as  post-stall 
control  and  sustained  supersonic  manoeuvre.  These  technologies  expand  the  operational 
capabilities,  and  arc  essential  for  survival  in  a  sophisticated  Ihrcat  scenario,  and  also  to  obtain 
favourable  exchange  ratios  against  an  opponent  using  the  current  reneration  of  fighters.  The  aim  of 
this  Symposium  was  to  review  the  various  technologies,  which  combine  to  give  this  increased 
operational  capability,  and  the  techniques  which  are  available  or  being  developed,  to  overcome  the 
design  problems  associated  with  the  attainment  of  these  goals. 

The  Symposium  was  divided  six  sessions  covering  propulsion  and  integrated  flight  control, 
aerodynamics  and  control  at  high  angles  of  attack,  post-srall  flight  and  control,  flying  quatitics- 
applicd  criteria,  agility  and  simulation.  Examples  of  results  from  current  demonstrator  programmes 
were  covered  in  appropriate  sessions. 

Two  keynote  papers  presented  an  overview  from  an  operational  and  acquisition  viewpoint  of  the 
contribution  of  manoeuvrability  to  combat  success. 

For  the  first  time  in  a  Flight  Mechanics  Panel  Symposium,  the  programme  included  a  paper  by  a 
Russian  author. 

A  Technical  Evaluation  Report  on  the  Symposium  is  also  included  in  this  Conference  Proceedings 
document. 
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